Near-infrared absorbing cyanine dyes and organic-inorganic perovskites for electronic applications by Véron, Anna C
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2016
Near–infrared absorbing cyanine dyes and organic–inorganic perovskites for
electronic applications
Véron, Anna C
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-134912
Published Version
Originally published at:
Véron, Anna C. Near–infrared absorbing cyanine dyes and organic–inorganic perovskites for electronic
applications. 2016, University of Zurich, Faculty of Science.
 Near–Infrared Absorbing Cyanine Dyes  
and Organic–Inorganic Perovskites  
for Electronic Applications 
 
 
Dissertation 
zur  
Erlangung der naturwissenschaftlichen Doktorwürde 
(Dr. sc. nat.) 
 
vorgelegt der 
Mathematisch–naturwissenschaftlichen Fakultät 
der  
Universität Zürich 
von 
Anna C. Véron 
von Winterthur ZH 
 
 
 
 
Promotionskommission 
Prof. Dr. Kim K. Baldridge (Vorsitz) 
Prof. Dr. Frank A. Nüesch (Leitung der Dissertation) 
Prof. Dr. Jay S. Siegel 
Prof. Dr. Anthony Linden 
 
 
 
 
 
Zürich, 2017 
  
 
 
 
„Man sieht oft etwas hundertmal, tausendmal,  
ehe man es zum allerersten Male wirklich sieht.“ 
 
 
 
 
„Sometimes you regard a subject a hundred or a thousand times 
before you actually see it for the very first time.” 
 
 
 
 
 
Christian Morgenstern (1871–1914) 
 
 
 
 
 
  Anna C. Véron – 2017 iii 
ABSTRACT OF THE DISSERTATION 
Near–Infrared Absorbing Cyanine Dyes and Organic–Inorganic Perovskites for 
Electronic Applications 
by Anna C. Véron 
University of Zurich, 2017 
 
Light-absorbing materials with excellent semiconducting properties are of great 
importance for the application in solar cells, transistors or light-emitting devices, which 
are emerging technologies. This thesis encompasses the synthesis and analysis of new 
materials for this purpose.  
Heptamethine cyanine dyes are strong absorbers of light in the near–infrared (NIR) 
energy regime with synthetically tunable absorption and redox properties, making them 
excellent candidates as light harvesters in organic solar cells. In particular, the absorption 
of sunlight invisible to the human eye allows for the fabrication of visibly transparent solar 
cells. In here, the exchange of counterions from cyanine iodide salts to PF6– and –
TRISPHAT– is presented and the effect of the counterion on the material properties of the 
dye is discussed. While the counterion had little to no influence on the optical and 
electrochemical properties in solution, a tremendous effect on the properties in the solid 
state was found. Thin films of the dyes with varying counterions showed differently 
shaped absorption bands indicating alterations in the dye aggregation behavior. 
Tendencies in the solid state packing of the salts with different counterions are further 
highlighted by X–ray crystal structures. Also the formation of bulk heterojunction blend 
films with [60]PCBM was strongly affected by the counterion. With the PF6– counterion 
large fully phase–separated domains were obtained, whereas the –TRISPHAT– 
counterion gave a fully intermixed dye–fullerene phase. These findings will stimulate the 
further development of cyanine bulk heterojunction solar cells. When the heptamethine 
dyes were applied in semitransparent bilayer organic solar cells together with C60, a 
power conversion efficiency of 2.2% was achieved while maintaining a high average 
visible transparency of 66%. 
Organic–inorganic hybrid perovskites are an uprising class of compounds which 
have recently attracted tremendous attention due to the rapid increase in power 
conversion efficiency of perovskite solar cells (PSCs), reaching more than 20% in 2016. 
This work aimed at the enhancement of photon–to–current generation of PSCs into the 
NIR energy regime by utilizing heptamethine dyes as co–sensitizers. For this purpose, new 
heptamethine dyes with electron–donating substituents were synthesized and 
characterized in order to tune their redox levels to be compatible with the perovskite 
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material. While the cyanine dyes were able to perform reasonably well as hole–
transporting materials – supporting high short–circuit currents of up 15 mA cm–2, co–
sensitization beyond 800 nm was not successful. Further synthetic adaptations of the dyes 
and improvements of the perovskite/cyanine interface might be necessary.  
Further investigations on organic–inorganic hybrid materials addressed the 
incorporation of large organic cations into low–dimensional inorganic networks. Such 
systems allow for the combination of desirable properties from both components, such as 
the structural and functional versatility of organic compounds with the stability and 
electrical properties of inorganic materials. Two–dimensional lead halide perovskite 
materials with the general formula (R-NH3)2PbX4 contain layers of PbX4 sheets alternating 
with layers of organic cations R-NH3 and have interesting properties such as room–
temperature photo– and electroluminescence as well as high charge carrier mobilities, 
making them promising candidates for the application in devices such as light emitting 
diodes or field–effect transistors (FET). In this thesis, a method to synthesize 2D–
perovskite films consisting of highly ordered crystallites is presented. In XRD spectra of 
the thin films very intense (00ℓ) reflexes were found from ℓ=2 up to ℓ=20, suggesting that 
the alternating layers of inorganic sheets and organic cations are perfectly arranged in 
parallel to the substrate plane. This structure is promising especially for the application in 
FET devices as the inorganic sheets are aligned in the direction of charge transport from 
source to drain electrode. 
Finally, an original hybrid material is presented, which incorporates NIR–
heptamethine cations in an inorganic network consisting of infinite chains of face–sharing 
lead iodide octahedra. The structure of this hybrid was solved using X–ray crystal 
structure analysis and structural aspects are discussed. This “cyanine perovskite” 
represents the first one–dimensional lead halide perovskite incorporating a functional 
NIR–absorbing dye as the organic cation, which is predicted to lead to unusual optical and 
electrical properties through the synergistic interaction between the components.  
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ZUSAMMENFASSUNG 
Cyanin–Farbstoffe mit Nah–Infrarot Absorption und Organisch–Anorganische 
Perowskite für Elektronische Anwendungen 
von Anna C. Véron 
Universität Zürich, 2017 
 
Lichtabsorbierende Materialien mit ausgezeichneten Halbleitungseigenschaften 
sind unersetzlich für viele aufstrebende moderne Technologien, wie Solarzellen, 
Transistoren oder lichtemittierende Bauelemente. Diese Arbeit umfasst die Synthese und 
Untersuchung von neuen Materialien mit solchen Eigenschaften. 
Heptamethin–Cyanin–Farbstoffe sind intensive Absorber von Licht im 
nahinfraroten (NIR) Energiebereich, und ihre Absorptions– sowie Redoxeigenschaften 
können synthetisch angepasst werden. Daher sind sie hervorragend geeignet um in 
organischen Solarzellen Sonnenlicht einzufangen, das für das menschliche Auge 
unsichtbar ist, und erlauben somit die Herstellung von optisch transparenten Solarzellen. 
Diese Arbeit beschreibt den Austausch des Gegenions in Cyanin–Salzen von Iodid zu PF6– 
und –TRISPHAT– und untersucht den Einfluss dieser Gegenionen auf die 
Materialeigenschaften der Farbstoffe. Während das optische und elektrochemische 
Verhalten der Farbstoffe in Lösung nur gering vom Gegenion beeinflusst wurden, konnte 
ein beachtlicher Effekt auf die Eigenschaften im Feststoff demonstriert werden. Unter 
anderem war die Form der Absorptionsbanden von dünnen Filmen je nach Gegenion 
unterschiedlich, was darauf hinweist, dass die Farbstoffe unterschiedliches 
Aggregationsverhalten zeigen. Im Weiteren wurden Tendenzen zur Packung der Moleküle 
im Feststoff mittels Röntgenstrukturanalyse hervorgehoben. Auch bei der Bildung von 
schleuderbeschichteten Kompositfilmen von Cyanin–Farbstoffen und [60]PCBM für Bulk–
Heteroübergang–Solarzellenanwendungen spielte das Gegenion eine bedeutsame Rolle. 
Mit PF6– als Gegenion trat eine vollständige Phasensegregation unter der Bildung von 
großen Domänen der beiden Komponenten ein, während das  Gegenion –TRISPHAT– zu 
einer Farbstoff–Fulleren–Mischphase führte. Diese Ergebnisse sind entscheidend für die 
weitere Entwicklung von Bulk–Heteroübergang–Solarzellen mit Cyanin–Farbstoffen. Die 
NIR–Heptamethin–Farbstoffe wurden außerdem zusammen mit C60 in halbdurchsichtigen 
organischen Doppelschicht–Solarzellen angewandt, wobei eine 
Energieumwandlungseffizienz von 2.2% und gleichzeitig eine hohe durchschnittliche 
Transparenz für sichtbares Licht von 66% erreicht wurden. 
Organisch–anorganische Perowskite sind eine aufstrebende Klasse von 
Verbindungen, welche aufgrund des raschen Anstiegs der Energieumwandlungseffizienz 
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von Perowskit-Solarzellen, die 2016 über 20% erreicht hat, in letzter Zeit große 
Aufmerksamkeit auf sich gezogen hat. Eines der Ziele dieser Arbeit war die Erweiterung 
der Photostromerzeugung in den Bereich der NIR–Strahlung durch zusätzliche 
Sensibilisierung mit Heptamethin–Farbstoffen. In dieser Absicht wurden neue 
Heptamethin–Farbstoffe mit Elektronendonor–Substituenten synthetisiert und 
charakterisiert, um ihre Energieniveaus für eine optimale Kompatibilität mit dem 
Perowskit–Material anzupassen. In der Solarzelle konnten die Cyanin–Farbstoffe 
erfolgreich als Lochleiterschichten eingesetzt, und hohe Kurzschlussphotostromdichten 
von bis zu 15 mA cm–2 erreicht werden. Jedoch konnte keine zusätzliche Sensibilisierung 
durch den Farbstoff im Bereich über 800 nm festgestellt werden, und somit werden 
weitere synthetische Adaptionen der Farbstoffe oder Verbesserungen der Perowskit–
Cyanin–Grenzfläche notwendig sein. 
Weitere Untersuchungen im Bereich der organisch–anorganischen 
Hybridmaterialien befassten sich mit dem Einbau von großen organischen Kationen in 
niedrigdimensionale Netzwerke von anorganischen Salzen. Solche Systeme erlauben die 
Kombination erwünschter Eigenschaften von beiden Komponenten, wie die strukturelle 
und funktionelle Vielfältigkeit von organischen Verbindungen mit der Stabilität und den 
elektronischen Eigenschaften von anorganischen Materialien. Zweidimensionale 
Bleihalogenid–Perowskite mit der Summenformel (R-NH3)2PbX4 bestehen aus im Wechsel 
übereinander gestapelten Schichten aus PbX4 und organischen Kationen R-NH3 und 
besitzen interessante Eigenschaften, wie Photo– und Elektrolumineszenz bei 
Raumtemperatur sowie hohe Ladungsträgerbeweglichkeit. Daher eignen sie sich 
ausgezeichnet für die Anwendung in elektronischen Bauteilen, wie z.B. Leuchtdioden,  
oder Feldeffekttransistoren (FET). In dieser Arbeit wird eine Methode zur Herstellung von 
2D–Perowskitfilmen präsentiert, die aus hoch angeordneten Kristalliten bestehen. XRD–
Spektren dieser Filme zeigen intensive (00ℓ)–Reflexe, von ℓ=2 bis zu ℓ=20, was darauf 
hinweist, dass die alternierenden Schichten parallel zur Substratebene angeordnet sind. 
Diese Struktur ist besonders vielversprechend für die Anwendung in FET–Bauteilen, da 
die anorganischen Schichten in der Richtung des Ladungstransports zwischen Source– 
und Drain–Elektrode angeordnet sind. 
Schliesslich wird ein neues Hybridmaterial präsentiert, welches aus NIR–
Heptamethin–Kationen und unendlichen Ketten aus flächenverknüpften Bleiiodid–
Oktaedern besteht. Seine Kristallstruktur wurde mittels Röntgenkristallstrukturanalyse 
bestimmt und strukturelle Aspekte werden diskutiert. Dieser „Cyanin–Perowskit” ist der 
erste eindimensionale Bleihalogenid–Perowskit der NIR–absorbierende Kationen 
beinhaltet. Durch synergistische Wechselwirkung der beiden Komponenten werden 
ungewöhnliche optische und elektrische Eigenschaften erwartet.  
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During the past decades major concerns have risen regarding the impact of human 
civilization on the environment of planet earth. The consumption of coal, oil, or natural gas 
for energy harvesting causes CO2–emissions which lead to global warming and climate 
change.1,2 At the same time fossil fuel resources are becoming scarce as predicted by 
Hubbert’s peak oil theory.3 In addition to this, the demand for electrical energy of the 
world’s population is steadily growing as the digital revolution is boosting rapid 
technological development and the implementation of electronic devices in our everyday 
lives.4 The growing awareness of these concerns has recently enabled a great amount of 
research towards the cost–effective and sustainable harvesting of renewable sources of 
energy, such as wind, biomass, ocean, hydrogen, geothermal, hydropower and the sun.5 
Especially the latter represents a powerful source of energy, which can be harvested and 
converted to electrical energy in photovoltaic (PV) cells. The percentage of PV contributing 
to the total amount of energy production is yearly increasing all around the world.6 
Another concern besides renewable energy conversion is the development of modern 
electrical devices and components, as e.g. light–emitting devices (LEDs) or field–effect 
transistors (FETs) which are useful in display applications, in sensors or electronic 
circuits. Further innovation of all these technologies requires investigating on new 
materials with tailored properties, which will be the subject of this thesis. 
Specifically, the focus lies on organic compounds that absorb light in the near–
infrared (NIR) region (chapter 2). This property is useful for a wide variety of applications, 
such as photography, laser printers and digital copy technology, for information storage in 
optical disks (CD–R), as heat filters, in solar cells and photodetectors, and even in medical 
applications as photosensitizers for photodynamic cancer therapy.7 Additionally, 
compounds with NIR–emission are receiving attention for their application in 
telecommunication, laser, night–vision technology, information security displays, sensors, 
and, very importantly, bioimaging.7 The class of organic compounds studied in this thesis 
is the one of cyanine dyes, which contains a large number of representatives with great 
structural diversity and strong light absorption tunable all over the spectrum, from the 
ultraviolet (UV) to the NIR region. A detailed introduction to NIR–absorption in organic 
compounds and especially cyanine dyes is given in chapter 2.1. In the following chapters 
2.2 and 2.3 the synthesis and counterion exchange of heptamethine cyanine dyes is 
presented and discussed, along with their photophysical and electrochemical 
characterization and evaluation for device application. 
In here, the main application of these dyes relates to the role as active 
semiconductors in solar cells (chapter 3). However, further implementation in 
photodetectors or as emitters in light-emitting electrochemical cells (LECs) is adressed. 
The theoretical background as well as results and discussions of solar cell devices based 
Chapter 1: General Context and Structure 
 Anna C. Véron – 2017 3 
on cyanine dyes are presented in chapters 3.1 and 3.2 for organic and perovskite solar 
cells, respectively. Organic solar cells (OSCs) based on organic compounds bring several 
advantages such as low cost and solution processability of the materials. They are 
particularly attractive for architectural integration due to their aesthetic appearance and 
the possibility to design solar cells in many colors – including transparent and 
semitransparent – for façade and window applications.8 On the other hand, perovskite 
solar cells (PSCs) are one of the most promising classes of emerging solar cell 
technologies. Their efficiencies under laboratory conditions have increased strikingly, 
from 3.8 % at the time of their discovery in 2009 to 22.1% in 2016.9,10 While reaching 
efficiencies of other benchmark solar cell technologies (such as CIGS or crystalline silicon) 
their production costs are lower, mainly due to the employment of cheap materials and 
solution processability.11,12  
In a second part of this thesis further attention is given to organic–inorganic hybrid 
perovskite materials, especially their low–dimensional analogues (chapter 4). After a 
detailed introduction on this class of compounds in chapter 4.1, the results and 
discussions on the fabrication of highly ordered 2D–perovskite thin films suitable for FET 
applications are summarized in chapter 4.2. 
Finally, the different aspects of this thesis are combined in chapter 4.3, in which the 
crystal structure of a novel “cyanine perovskite” material is presented and discussed. This 
new material consists of infinite inorganic chains and NIR–absorbing cyanine cations and 
possible scenarios for the interaction of these components are evaluated together with 
possible applications. 
Conclusive remarks and perspectives for the future development of the individual 
fields are summarized in chapter 5, while the experimental procedures for all chapters are 
detailed chapter 7. 
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2 NIR–ABSORBING CYANINE 
DYES AND COUNTERION 
EXCHANGE 
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2.1 Introduction 
Synthetic organic dyes have been known and produced since the middle of the 19th 
century, with their main purpose being to dye textiles for clothing and houseware. The 
fascination of humans with colored objects caused the development many different dye 
structures which led to a steady improvement of their absorption properties and stability 
during the last 150 years. 
Nowadays there still is a great demand for colored molecules, not only for 
decorative or cosmetic purposes, but for all kinds of technologies which require strong 
absorption or emission of light. Among them are the labelling and visualization of 
biological compounds and tissue (fluorescence microscopy, tumor imaging, photodynamic 
therapy), chemical sensors, light-emitting devices, and harvesting sun light and 
transforming it into electrical energy in a solar cell, or into chemical energy by 
photochemical water splitting. 
2.1.1 Light–Absorbing Organic Molecules 
Light is electromagnetic radiation of certain energy within the electromagnetic 
spectrum shown in Figure 2.1. Visible light is the part of the spectrum detectable by the 
human eye, and typically has energies between ~ 3.1 and 1.8 eV, which correspond to 
wavelengths  between 400 and 700 nm. Near–infrared radiation (NIR), which is not 
detectable by the human eye, is found adjacent to the visible range in the spectrum at 
lower energies down to ~ 0.9 eV corresponding to wavelengths up to 1400 nm. 
 
Figure 2.1. The electromagnetic spectrum shows different types of radiation with respect to their 
wavelength and energy scales.  The regions of visible light and near–infrared radiation are highlighted. 
 In order to understand and describe the absorption of light by a molecule, its 
molecular orbitals (MOs) have to be considered. If the energy difference E between an 
occupied and an unoccupied orbital of a molecule equals the energy E=h of a photon, 
the photon can be absorbed, which goes in parallel with the promotion of an electron to 
the unoccupied orbital (Figure 2.1). Quantum mechanically the probability of absorbing a 
photon is proportional to the transition dipole moment to the square. The latter includes 
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symmetry considerations of the orbitals, nuclear wavefunction overlap and spin 
conservation. The smaller the energy difference between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the more the 
absorption is shifted to longer wavelengths, from UV to the visible light, blue to red and 
finally into the NIR region >700 nm. 
 
Figure 2.2. Illustration of the decreasing HOMO–LUMO energy gap with increasing conjugation length. 
Frontier molecular orbital diagrams for benzene, anthracene and pentacene (from left to right).   
Organic molecules containing conjugated –electrons typically have MO levels that 
allow for the absorption of light. Quantum mechanically the –electrons in a conjugated 
system can be described by the one–dimensional particle in a box model.13 The energy 
difference E between the HOMO and the LUMO in a linear conjugated system is given by 
equation (1) where h is Planck’s constant, L is the length of the box (i.e. length of the 
conjugated system), m is the mass of an electron and n is the number of electrons in the 
box (i.e. the number of –electrons in the conjugated system). 
 ∆𝑬 =
𝒉𝟐(𝒏 + 𝟏)
𝟖𝒎𝑳𝟐
 (1) 
The two parameters n and L are are both related to the number of carbon atoms N 
in the system, and thus the HOMO–LUMO energy difference is decreasing with increasing 
size of the conjugated system: E~1/N. Figure 2.1 illustrates the decrease in bandgap for 
increasing conjugation length when going from benzene over anthracene to pentacene. 
From the particle in a box model, the energy gap could become infinitesimal for an infinite 
number of conjugated double bonds, e.g. in a conjugated polymer. In practice, however, 
this is not the case and organic molecules with a small bandgap and sharp absorption band 
in the NIR region are rather uncommon. Such compounds are of great interest for different 
kinds of applications and the strategies to design structures with NIR absorbing properties 
will be illustrated in the following chapter 2.1.2. 
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2.1.2 Strategies to Obtain NIR–Absorbing Organic Compounds 
In order to reduce the HOMO–LUMO gap of organic molecules, several approaches 
are known today.7,14–16 These strategies, their advantages and challenges will be 
highlighted in the following. 
i. Extended –systems 
ii. Donor–acceptor systems 
iii. Minimization of bond length alternation 
iv. Intermolecular interactions 
i. Extended –systems: As introduced in chapter 2.1.1 the bandgap of conjugated –
systems decreases when their size is increased. Extended –systems are large molecules 
typically consisting of linked or fused benzene units. Several groups have investigated on 
the synthesis, functionalization and characterization of such compounds during the last 
decades. Especially the studies of K. Müllen and coworkers are well known and several 
extensive reviews on the topic can be found.17–19 In the recent years also graphene and 
carbon nanotubes have been a research highlight in the field of extended –systems19, but 
in here the focus will be on non–polymeric compounds with a defined molecular weight. 
Scheme 2.1 shows a polyphenylene derivative (1) which consists of linked benzene 
units and can be oxidized to obtain its benzenoid polycyclic aromatic hydrocarbon (PAH) 
analogue 2 in which the benzene units are fused together.20,21 In polyphenylene derivative 
1 the conjugation is strongly reduced due to twisting of the neighboring benzene units, 
leading to a poor overlap of the –orbitals, so that despite its large size, this compound is a 
colorless solid.20 Rigidization and planarization of this system leads to a strong extension 
of the –conjugation, and compound 2, with 222 carbon atoms, 37 “full” benzene units and 
a diameter of 3 nm is considered one of the largest fully condensed aromatic system that 
has actually been prepared to this day (when considering only “small” molecules with a 
defined molecular weight and neither graphite, graphene, carbon nanotubes, or 
conjugated polymers). The absorption band of 2 (in the solid state) is very broad due to a 
great number of possible electronic transitions in this large system; it spans all over the 
visible range into the NIR with an absorption maximum max at 765 nm.21 
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Scheme 2.1. Structure of a polyphenylene (1) and its benzenoid PAH analogue (2).
20,21
 
While PAH compounds and their functionalized derivatives are strong absorbers 
and have potential applications in organic electronics,18,22 they have several disadvantages. 
Their synthesis is complicated and as they are practically insoluble in any solvent, high 
purities (which are required for the application in devices) are difficult to achieve, and 
spectroscopic characterization in solution is impossible. Due to this it is also not possible 
to process them using solution–deposition techniques, so that other more costly methods 
must be used to fabricate thin films for organic electronic devices. The addition of 
functional groups (e.g. alkyl chains, methoxy groups) is able to improve the solubility of 
PAHs23,24 but to reach a satisfying processability remains difficult. Furthermore, the 
extension of their absorption into the NIR is rather limited compared to other approaches 
discussed later in this chapter. Theoretically, if size of benzenoid PAH compounds is 
increased, the decrease in bandgap reaches saturation, so that a utopic compound with a 
bandgap of 0.6 eV (max ≈ 2000 nm), would have to contain more than 120 full benzene 
rings17, and apart from being very difficult to synthesize, it would not have the desired 
processing properties, as discussed above. To conclude, pure benzenoid PAH compounds 
are not very promising candidates as light harvesters with a small bandgap in organic 
electronic devices. If a benzenoid framework of naphtalene units linked in peri–positions 
is flanked between two imide functional groups, however, an interesting class of 
compounds is obtained. They are called Rylene dyes and have the general structure shown 
in Scheme 2.2. Rylene diimides have sharp absorption bands tunable from blue to the NIR, 
are easily functionalizable and possess good solubility in various solvents.25,26 They show 
strong electron accepting properties making them interesting for the application in 
organic solar cells27. 
 
Scheme 2.2. General structure of the rylene dye family. 
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Also in the case of rylene dyes, the decreased bandgap is an effect mainly of the 
increasing conjugation length and it can only be lowered to a certain value, as the overall 
–system is governed by the effective conjugation length.28 
 
ii. Donor–acceptor systems: A further approach to obtain low–bandgap 
chromophores is the coupling of electron–rich (donor, D) and electron–poor (acceptor, A) 
moieties in a molecule. As illustrated in Figure 2.3, hybridization of the HOMO and LUMO 
orbitals of a donor and acceptor moiety leads to splitting in energy. The resulting HOMO is 
increased whereas the resulting LUMO is decreased in energy, and thus the gap between 
them is smaller compared to a system containing only either the donor or the acceptor 
moieties. 
 
Figure 2.3. Mixing of donor and acceptor frontier molecular orbitals leads to a decreased bandgap (E) 
of a donor–acceptor system. 
This concept was described theoretically for polysquaraines in 1996,29,30 and finds 
popular use in the design of low bandgap polymers16,31,32 as well as oligomers and small 
molecules33–35 today. 
iii. Minimization of bond length alternation: As mentioned at the end of chapter 
2.1.1, the HOMO–LUMO gap of a –conjugated system does not decrease to become 
infinitesimal with the extension of its size to infinity, but rather it approaches a saturation 
value. The particle in a box model is valid only under several approximations, one of which 
is that the potential energy of the electrons is constant over the length L of the box. In 
reality there is a fluctuation of the potential over the length of a conjugated chain, with 
valleys around the nuclei (attraction of the electrons by the positive nuclei) and peaks in 
between (electronic repulsion within the bonds) as illustrated in Figure 2.4. 
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Figure 2.4. Potential energy fluctuation in two fragments of conjugated systems. V(x) is the potential for 
a fragment without any BLA (in blue on the left side), W(x) is the potential for a fragment with 
alternating double and single bonds.
36
 
The potential fluctuation for two theoretical fragments of –conjugated chains of 
carbon atoms is shown: On the left side (in blue) is a chain where all bonds are equally 
long “1.5x” bonds and the system is perfectly delocalized, which gives a potential energy of 
the electrons V(x). On the right side (in red) is a chain where double bonds and single 
bonds are alternating, so that there is bond length alternation (BLA), and the potential 
energy of the electrons is W(x). If this potential fluctuation is used as the perturbing 
potential in a first order correction of the particle in a box potential, one finds that the 
perturbation is zero for V(x), and thus the particle in a box model gives realistic orbital 
energy values for systems where no BLA occurs.36 For W(x) however, the perturbation 
affects the potential and thus also the orbital energy levels: the energy of the HOMO is 
lowered by a constant magnitude independent of the chain length, whereas the LUMO is 
not affected.36 This leads to a notable increase of the HOMO–LUMO gap with respect to the 
one predicted by equation (1) using the particle in a box model. 
In fact, most polyenes possess significant bond length alternation because the 
bonds cannot be represented as both single and double bonds in equivalent resonance 
structures. In Scheme 2.3 this can be seen easily: The mesomeric resonance structure of 
the polyene with separated charges on the right side is unfavorable, the –electrons are 
not fully delocalized and the structure is rather confined in alternating single and double 
bonds. This is why the unperturbed particle in a box model gives an inaccurate prediction 
of the energy levels and the HOMO–LUMO gap of polyenes. 
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Scheme 2.3. Mesomeric resonance structures of conjugated polyenes (top) and polymethines flanked by 
heteroatom–containing end groups Y (bottom). 
There are, however, also linear conjugated –systems which show only very little 
bond length alternation, namely polymethines.37 Unlike polyenes, they consist of an odd 
number of –conjugated methine units (‒CH=), and thus require to be flanked by 
heteroatoms to balance the charge, as shown in the general structure in Scheme 2.3 
(bottom left). It can be seen that both mesomeric resonance structures of polymethines 
are identical, and the –electrons can be perfectly delocalized, so that all the bonds are 
equal in length. As a consequence, compounds containing polymethine units have 
remarkably smaller bandgaps compared to polyenes with a similar number of carbon 
atoms in the –conjugated chain. 
Cyanine dyes are a prominent class of synthetic polymethine compounds, with 
many different structures known today. They consist of polymethine chains flanked by N–
heterocyclic rings (typically indole or benzindoles, but also imidazole, pyridine, pyrrole, 
quinoline and thiazole).38 Their absorption bands are sharp and tunable all over the visible 
spectrum and into the NIR. By each additional double bond in the chain, typically a red–
shift of ≈100 nm is obtained, as can be seen from the absorption spectra of indole 
trimethines (Cy3, n=1), pentamethines (Cy5, n=2) and heptamethines (Cy7, n=3) in Figure 
2.5. 
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Figure 2.5. Normalized absorption spectra in solution of three indole cyanine dyes with different 
polymethine chain lengths (Cy3, Cy5 and Cy7) and their general structure.
a
 
It is possible to get even longer chains (nonamethines, Cy9, n=4), which possess 
even lower HOMO–LUMO gaps; however they are very instable towards oxidation of the 
double bonds39 and  in longer cyanine chains symmetry breaking with disruption of the 
ideal polymethine state (IPS) are known to occur.40 For these reasons heptamethine dyes 
are the most suitable NIR dyes in the cyanine family. Their structural varieties and 
properties will be discussed in chapter 2.1.3. 
iv. Intermolecular interactions: A further approach to obtain NIR–absorbance in 
organic materials is different from the previously discussed ones, in that it is not the 
property of a single molecule, but the interaction of the –systems of several molecules 
that leads to a decreased optical bandgap. Attractive interactions between –electrons of 
two or more molecules lead to –stacking in the solid state. Delocalization of the 
electrons over the –systems of several molecules leads to band formation, similar to –
conjugated polymers. Another effect, which is of particular relevance for cyanine dyes, is 
the dipolar coupling of the transition dipoles of –stacked molecules. Cyanines are known 
to form two kinds of aggregates: head–to–head or ladder–like aggregates (H) and head–
to–tail or staircase–like aggregates (J),41–43 as illustrated on the right side in Figure 2.6. In 
both kinds of aggregates, a splitting of the excited state is caused by the coupling of the 
transition dipole moments. The splitting is slightly larger in J– than in H–aggregates, but in 
both cases only one of the two excited states is accessible by an allowed transition. In H–
aggregates, this results in a larger bandgap and thus a blue–shifted absorption, in J–
aggregates the bandgap is lowered and thus the absorption is red–shifted (illustrated in 
the energy diagram in Figure 2.6). 
                                                                    
a The structure of the heptamethine dye Cy7 showing this absorption spectrum is slightly modified: it contains 
a central cyclohexene moiety for increased stability. See chapter 2.1.3. 
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Figure 2.6. Dipolar coupling of the transition dipole leads to a splitting of the excited state (S1) in H– and 
J–aggregated dimers.  Forbidden S0–S1 transitions are marked with a cross. The stacking sequence in H–
aggregates (ladder) and J–aggregates (staircase) is shown on the right. 
This shows that J–aggregates allow for shifting the absorption of a NIR–absorbing 
cyanine dye even further to longer wavelengths in the solid state. To control the 
aggregation of cyanine dyes however, is not trivial and requires careful engineering of 
both the dye structure as well as deposition conditions (such as solvents, substrates etc.)44 
To summarize this chapter, there are several approaches to obtain organic 
materials with NIR absorbing properties, both using structural features within a molecule 
(extended –systems, D–A systems, minimized BLA) and intermolecular interactions in 
the solid state (J–aggregates). The NIR–chromophores studied in this thesis are 
heptamethine cyanine dyes which will be introduced in more detail in the following 
chapter. 
2.1.3 Heptamethine Cyanine Dyes 
Already more than a century ago, heptamethines and other cyanine dyes have been 
used to enhance the spectral sensitivity of silver halide in photographic emulsions.45 They 
exhibit unique optical properties, such as high molar extinction coefficients (ε ≈ 2 × 105 
M−1 cm−1) and tunable absorption wavelengths in the NIR (from the visible to over 1200 
nm). At the same time they are easy to synthesize (many structures are even commercially 
available) and offer great possibilities for structural modifications, so that heptamethine 
dyes can be tailored to reach desired properties.46,47 Substituents at various positions in 
the structure allow for the tuning of solubility, optical and electrochemical properties, as 
well as the introduction of functional groups that react with specific targets (e.g. 
biomolecules or surfaces of materials).48,49 
Nowadays, heptamethine cyanine dyes are being investigated for all kinds of 
applications that require strong NIR absorption and/or fluorescence. Water–soluble 
heptamethine dyes are extensively used as fluorescent probes in biomolecular labelling 
due to the low autofluorescence of biological tissue in the NIR spectrum and good 
biological compatibility compared to other NIR dyes.50 It is also notable that heptamethine 
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dyes are being investigated for tumor diagnostics and theranostic cancer treatment 
(targeted drug delivery and photodynamic therapy).51 Apart from the biological and 
medical fields, heptamethine dyes are applied as laser dyes52,53 and in optical recording 
media.54 Finally, and most relevant for this thesis, their strong NIR absorbing properties 
are of great interest for the field of organic electronics. They are used as light harvesters 
both in dye–sensitized solar cells (DSSC)55 and organic solar cells (OSC),56,57 where their 
strong NIR absorption could allow for the fabrication of visibly transparent solar cells. 
Also for other devices, such as NIR photodetectors or NIR light–emitting devices, 
heptamethine cyanine dyes are ideal candidates. 
2.1.3.1 Synthesis of Heptamethine Dyes 
Structurally, most heptamethine dyes used and studied today carry a central 
cyclohexene moiety (structure 7 in Scheme 2.4) in order to avoid cis–trans isomerization 
of the double bonds and to stabilize the conjugated chain towards oxidative degradation; 
furthermore this moiety leads to a lower tendency of aggregation of the molecules in 
solution and the increased rigidity of the system enhances the fluorescence quantum 
yield.39  
Scheme 2.4 illustrates the synthesis of a symmetric heptamethine dye 7 by 
Knoevenagel condensation of an alkyl–indolium cation carrying an activated methyl group 
(4) with a pentamethine dianil compound (6); this procedure was first described by Makin 
et al in 1977.58 The condensation reaction can be carried out in anhydrous ethanol under 
reflux using sodium acetate as a base.59 These conditions have several advantages: Not 
only are they mild and environmentally friendly but they allow the heptamethine salt to 
crystallize out of the cooled reaction mixture in high purity, so that no further purification 
steps are required. Depending on the substituents, however, other solvents (e.g. acetic 
anhydride)60 and/or bases (e.g. triethylamine)61 might have to be employed in order to 
obtain the product in good yields. Salon et al. have reported improved yields for the 
synthesis of heptamethines with C–substituents at the meso–position (R2 = alkyl, aryl) by 
using pyridine both as a base and solvent.62  
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Scheme 2.4. General synthetic strategy towards symmetric heptamethine dyes 7.  Typical substituents: 
R
1
 = alkyl group; R
2
 = Ph, Cl or others; A
−
 = leaving group (e.g. halides, R–SO3
−
); X
1
, X
2
, X
3
, = various 
substitutions possible, eg.. fused benzene ring(s). Z = C(CH3)2, S, or fused benzene ring. 
Quarternary indolenium salts 4 are obtained by alkylation of the corresponding 
indole carrying a methyl group at the 2–position (3).63 If the choice of counteranion in the 
final heptamethine salt is of importance, the alkylation reagent R1–A has to be chosen 
carefully. It is not only influencing the reactivity of the alkylation step but also its leaving 
group A− is preserved as the counteranion of the final heptamethine cation. Good leaving 
groups for the alkylation are the halides I− and Br− or sulfonates R–SO3−,61 while the 
halides are more versatile for subsequent counterion exchanges to other anions in the 
heptamethine salt.64 Indole precursors 3 are synthesized via Fischer indole synthesis65 and 
various substitutions at the heterocycle X1, X2, X3 (Scheme 2.4) can be introduced at this 
initial step.60 Several indole derivatives with a 2–methyl group are also commercially 
available today. 
Dianil compounds 6 are the Schiff bases of their corresponding dialdehydes which 
are synthesized by reaction of cyclohexene 5 with a Vilsmeier–Haack reagent, generated 
from N,N–dimethylformamide and phosphorus oxychloride. These dialdehydes are very 
reactive and cannot be stored; thus they are protected with phenylamine to form dianils 6 
for easier handling. In some procedures heptamethines are also synthesized directly by 
in–situ treatment of the reactive dialdehyde with the corresponding heterocycles 4.60 By 
choosing suitably substituted cyclohexene derivatives 5 various groups can be introduced 
at the meso–position (R2) of the heptamethine dye. Dianil compounds with R2 =Ph or Cl are 
commercially available. A post–synthetic strategy to introduce different meso–substituents 
to the heptamethine chromophore will be described in chapter 2.1.3.2. 
It is also possible to synthesize unsymmetrical heptamethine dyes with different 
substitutions on each side; however the loss in symmetry is detrimental for the optical 
properties of the polymethine (hypsochromic shift, lowered molar extinction 
coefficient).66 
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2.1.3.2 Modifications of Heptamethine Salts 
As can be seen from above, the possibilities for introducing different substituents 
into heptamethine dyes are nearly unlimited and a vast number of derivatives are 
described in the literature. In this work, the focus lies on NIR heptamethine dyes suitable 
for application in organic electronic devices. The structural modifications which are of 
particular interest for this purpose will be highlighted in the following. The N–alkyl group 
R1 should be chosen to ensure good solubility in organic solvents, which is necessary for 
processing the dyes into thin films (e.g. by spin–coating).  
 
Scheme 2.5. Heptamethines with different indole heterocycles and their absorption maxima (in 
ethanol).  Heterocycles from left to right: Indole, benz[e]indole, benz[cd]indole. 
Different indole heterocycles are able to alter the absorption maximum of the dye 
(Scheme 2.5), while a bathochromic shift is obtained when the conjugation in the 
heterocycle is increased. It has been shown that the use of the benz[cd]heterocycle gives 
absorption maxima above 1000 nm.67,68 
An attractive location for the post–synthetic modification of heptamethine dyes is 
the meso–position (R2 in Scheme 2.4). Chloro substituted dyes (R2 = Cl) have been shown 
to undergo aromatic substitution reactions with nucleophiles, which can happen by an 
SRN1 mechanism (unimolecular radical nucleophilic substitution), which is initiated by 
single–electron transfer from the nucleophile to the –system under formation of two 
neutral radical species,69,70  as shown below in (1).  Upon loss of the nucleofugal chloride 
group in the neutral cyanine radical [Cy−Cl]•, a cationic cyanine radical is formed (2) 
which can then react with a nucleophile Nu– to form the radical adduct [Cy–Nu]• (3). 
Radical transfer from this adduct to a cyanine cation [Cy−Cl]+ gives the substituted 
product [Cy–Nu]+ along with a neutral cyanine radical (3), which can undergo steps (2)–
(4) again. 
[Cy−Cl]+ + Nu– → [Cy−Cl]• + Nu•   (1) 
[Cy−Cl]• → Cy•+ + Cl–     (2) 
Cy•+ + Nu– → [Cy–Nu]•      (3) 
[Cy–Nu]• + [Cy−Cl]+ → [Cy–Nu]+ + [Cy–Cl]•   (4) 
The combination of two radical species in this pathway has to be avoided, as it would not 
lead to the desired substitution product. The solvent used for this reaction needs to allow 
for electron transfer and should not be a radical quencher; polar aprotic solvents such as 
DMF or DMSO have been described as suitable.71 Various substituents (e.g. amines, 
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thiolates70 and barbiturates61) can be introduced to the meso–position of heptamethine 
cyanine dyes in this way. Electron–donating or electron–withdrawing substituents at the 
–system are able to alter the redox levels of the molecule.72,73 It is reported that the 
substituent at the meso–position of a heptamethine dye influences mainly its reduction 
potential (LUMO), and only slightly the oxidation potential (HOMO).  Electron–donating 
groups are raising the energy levels, whereas electron–withdrawing groups are lowering 
them.74, page 71 For the application in solar cells the tuning of these levels is of particular 
interest as electron transfer from the LUMO of the absorber to an electron–accepting 
material and/or hole transport from the HOMO of the absorber to a hole–transporting 
material has to be possible. This subject will be further discussed in chapters 2.3.1 and 
3.2.2.  
As cyanine dyes are cations, their properties can not only be tuned by modification 
of the chromophore, but also by the choice of different counterions. Bouit et al. have 
shown that the counterion has an important effect on the chromophore.64 An undisturbed 
cyanine cation, in which all polymethine carbon bonds are equally long, is called to be in 
the ideal polymethine state (IPS). By pairing the cation with a counterion, however, this 
IPS can be disturbed. Strongly coordinating counterions tend to push the electron density 
to one side of the –system and break the symmetry in the chromophore. This leads to 
bond length alternation and loss of the unique optical properties of the cyanine cation.64 
The counterion was shown to have a strong influence also on the solid state properties of a 
cyanine salt, such as the compatibility with other materials in molecular blends.75 For 
electronic applications, where the cyanine salts are applied in their solid state form, the 
choice of ideal counterions is thus crucial. 
2.2 Synthesis of Cyanine Dyes with Different Counterions 
2.2.1 Aim: Counterion Exchange for Optimized Interfaces 
In organic solar cells (OSC) exciton splitting occurs at the donor–acceptor interface 
(see chapter 3.1.1.1 for the working principle of OSC). Thus it is essential to achieve 
smooth interfaces providing good contact between the two materials. When cyanine dyes 
are used as electron donors together with fullerenes as electron acceptors, the formation 
of optimized interfaces can be challenging. There is a strong difference in hydrophilicity 
between the polar cyanine salts and the apolar carbon compounds. Mobile ions have also 
been shown to be able to alter the energy levels at the interface and thus the 
thermodynamics of electron transfer reactions.76,77 
As introduced in the previous chapter, the choice of counterion can have a 
tremendous effect on the properties of cyanine salts, particularly in their solid state. Bouit 
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et al. have intensively investigated the influence of different counterions on the 
photophysical properties of heptamethine dyes.64 Small, hard counterions polarize the 
cationic dye core, leading to bond length alternation (BLA) and disruption of the ideal 
polymethine state (IPS)64 (which is manifested as a blue shift of λmax and a decreased. 
They could show that soft, bulky anions, such as the TRISPHAT− anion,78 are the most 
suitable for reaching IPS. Furthermore, large anions containing aromatic moieties could 
allow for favorable interactions between the cyanine salt and fullerenes at the 
heterojunction and thus optimized interfaces.b  
In this work, two simple and well–known cyanine chromophores are used in order 
to investigate the influence of the counterion on the properties of a cyanine salt: a NIR 
absorbing heptamethine dye (max = 780 nm) and a trimethine dye (max = 550 nm). The 
counterions are exchanged from iodide to hexafluorophosphate (PF6−) and –TRISPHAT−, 
respectively, and the resulting four cyanine dye salts are purified and fully characterized. 
The structures of the dyes and the –TRISPHAT− counterion are shown in Scheme 2.6. The 
main focus in this work lies on NIR heptamethine dyes Cy7P and Cy7T, but also the 
trimethine analogues Cy3P and Cy3T are included, as they are useful e.g. for fundamental 
studies of blend films. In chapter 2.2.2 the optical and electrochemical properties of these 
four compounds, as well as the crystal structures of NIR dyes Cy7P and Cy7T obtained by 
single crystal X–ray diffraction are discussed and compared. The properties of these 
compounds in thin films and bulk heterojunction blends together with C60, as well as their 
application in OSC devices are reported in chapter 3. 
 
Scheme 2.6. Structures of standard heptamethine Cy7
+
 and trimethine Cy3
+ 
chromophores with 
different counterions. PF6 (Cy7P and Cy3P) and –TRISPHAT (Cy7T and Cy3T). 
2.2.2 Results and Discussion 
2.2.2.1 Synthesis and Counterion Exchange79,80 
The cyanine iodide salts (Cy3I, Cy7I) serving as precursors in the counterion 
exchange reactions have been prepared according to literature procedures.59,63,81 
                                                                    
b See chapter 3.1.1 for a more detailed introduction on the state of the art of cyanine-fullerene interfaces in 
bilayer and bulk-heterojunction architectures for organic solar cells. 
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Synthesis of the heptamethine dye core was achieved via Knoevenagel condensation of an 
alkylated indolium precursor carrying an activated methyl group and a dianil compound 
with chloro–cyclohexene moiety (see chapter 2.3.2.1.2, Scheme 2.9, page 29). 
In order to exchange I− for PF6−, an aqueous solution of sodium 
hexafluorophosphate (NaPF6) was added to an alcoholic solution of the cyanine iodide 
(Cy3I, Cy7I) leading to a precipitation of the corresponding cyanine PF6− salt (Cy3P, 
Cy7P).64  The compounds were easily obtained in high purity by washing and 
recrystallization of the precipitate. Exchange from I− to Δ–TRISPHAT− was carried out by 
stirring a solution of cyanine iodide (Cy3I, Cy7I) and –TRISPHAT tetrabutylammonium 
salt in DCM at room temperature overnight. First, purification was achieved by column 
chromatography to remove residual cyanine iodide salts. Tetrabutylammonium salt 
impurities could only be removed after recrystallization and the salts Cy3T and Cy7T 
were obtained in high purity and good yields. The yield for Cy3P (56%) was lower than 
for Cy7P (94%) due to losses during repeated recrystallizations to reach the final purity 
suitable for device application. 
Table 2.1. Summary of reaction conditions and yields for counterion exchanges. 
 counterion conditions cyanine cation yield 
Cy3P 
PF6
−
 
NaPF6, 
MeOH /H2O 
Cy3
+
     
56% 
Cy7P 
Cy7
+
     
94% 
Cy3T 
–TRISPHAT
−
 
NBu4
+ 
–TRISPHAT
−
, 
DCM, rt, 20 h 
Cy3
+
     
50% 
Cy7T 
Cy7
+
     
57% 
 
Structures and purity of all compounds were confirmed by 1H– and 13C–NMR 
(correlations obtained from HSQC and HMBC and COSY experiments), elemental analysis 
(EA) and high resolution mass spectrometry (HR–MS). The reaction conditions and yields 
for the counterion exchanges are summarized in Table 2.1. 
2.2.2.2 Optical and Electrochemical Characterization79 
In order to evaluate the influence of the counterion on the optical properties of the 
cyanine dyes, absorption and emission spectra in different solvents were recorded. 
UV–Vis–NIR absorption spectra of the compounds in solution normalized to their 
molar extinction coefficient at λmax are shown in Figure 2.7 and a summary of the optical 
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properties is given in Table 2.2. The solvents were, in order of decreasing polarity: c DMF, 
acetonitrile, ethanol, chlorobenzene, chloroform and cyclohexane. Only the TRISPHAT 
salts were soluble in cyclohexane (at concentrations ≈ 2×10–5 M) which indicates that this 
counterion is able to lower the overall polarity of the cyanine salt.  
The heptamethine dyes show a narrow absorption band between 650 and 850 nm. 
The value of λmax is equal for Cy7P and Cy7T in each solvent, suggesting that the ions 
dissociate in solution and the absorption of the dye cation is not influenced by the anions. 
With decreasing polarity of the solvent a slight bathochromic shift of λmax can be observed 
(positive solvatochromism). However, the change in λmax is so small that it can be assumed 
that the nature of the ground state and excited state remain similar. The solvent has an 
influence on the molar extinction coefficient ε as well as on the peak shape. In the case of 
Cy7T, extraordinarily high values for ε are found in the chlorinated solvents chloroform 
and chlorobenzene (375×103 and 360×103 M−1 cm−1, respectively, compared to an average 
value of 240×103 M−1 cm−1 in the other solvents). When comparing the integrated 
absorption coefficient (IAC), however, it can be seen that the area under the absorption 
band is very similar (IAC = 9 × 1018 to 1 × 1019 M−1 cm−1 s−1 in all solvents), indicating an 
absorption of similar intensity in all solvents. The difference in ε arises from much 
narrower peak shapes in the chlorinated solvents. This could be due to a better 
solubilization of the dyes in these solvents, leading to less dimerization/aggregation. 
Oscillator strengths greater than one have been found for the heptamethine dyes, 
indicating that apart from the HOMO and LUMO orbitals additional molecular orbitals 
participate in the S0 → S1 transition. The optical bandgap of the heptamethine dyes 
calculated from the absorption onset was found to be ≈ 1.52 eV (average from all 
solvents). 
The trimethine dyes show a narrow absorption band between 450 and 580 nm. As 
for the heptamethines a slight positive solvatochromism of a few nanometers is observed; 
however also for the trimethines it is small enough to assume that the nature of the 
excited state is similar to the ground state. The absorption intensity also varies slightly 
depending on the solvent. A peak narrowing as found for Cy7T in chlorinated solvents, 
however, was not observed, as the solvents that give a higher  also show a higher IAC. The 
optical bandgap of the trimethine dyes calculated from the absorption onset was found to 
be ≈ 2.17 eV (average from all solvents). 
                                                                    
c  Polarity of solvents classified by value of relative permittivity. 
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Overall the counterion seems to have very little to no influence on the absorption 
properties of the cyanine dyes in solution, as the ions are well solubilized and dissociated 
from each other. 
 
Figure 2.7. UV–Vis–NIR absorption spectra of Cy3P, Cy3T, Cy7P and Cy7T in different solvents 
normalized to their molar extinction coefficient at λmax. PF6
−
 salts were not soluble in cyclohexane. 
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Table 2.2. Optical properties of cyanine dyes with different counterions in different solvents. 
dye solvent max a  b IAC × 1018 c f  d 
  nm M
–1
 cm
–1
 M
–1
 cm
–1 
s
–1
  
Cy3P DMF 550 141'000 8.1 1.16 
 ACN 544 176'000 9.8 1.40 
 EtOH 548 137'000 7.6 1.09 
 PhCl 558 164'000 8.1 1.16 
 CHCl3 555 156'000 7.8 1.11 
Cy3T DMF 550 124'000 6.9 0.99 
 ACN 544 146'000 8.0 1.15 
 EtOH 548 136'000 7.5 1.08 
 PhCl 557 135'000 7.0 1.01 
 CHCl3 555 129'000 6.7 0.95 
 cyclohexane 558 133'000 6.3 0.91 
Cy7P DMF 788 243'000 10.1 1.46 
 ACN 777 254'000 10.0 1.44 
 EtOH 781 325'000 11.5 1.66 
 PhCl 795 305'000 9.2 1.32 
 CHCl3 788 340'000 10.3 1.48 
Cy7T DMF 787 245'000 10.3 1.47 
 ACN 777 242'000 9.7 1.40 
 EtOH 781 260'000 9.1 1.31 
 PhCl 796 360'000 9.8 1.41 
 CHCl3 789 375'000 10.8 1.55 
 cyclohexane 775 219'000 8.9 1.27 
a 
Absorption maximum. 
b 
Molar extinction coefficient at λmax. 
c 
Integrated absorption coefficient. 
d
 
Oscillator strength. Details about the determination of these values are given in the experimental part, 
chapter 0. 
Emission spectra of the dyes with PF6− and TRISPHAT− counterions in different 
solvents show a fluorescence band between 540 and 650 nm for trimethines and between 
760 and 850 nm for the heptamethines. The Stokes shifts are small (12–19 nm), which is 
typical for cyanine dyes.82 As for the absorption properties in solution, little to no 
influence of the counterion was observed. Emission spectra are shown in the experimental 
chapter (Figure 7.1, page 110). 
Cyclic voltammetry (CV) measurements were carried out in electrolyte solution 
(0.1M TBACl in DMF) to determine the redox potentials of the dyes. Again, it was found 
that the counterion does not have an influence on the electrochemical properties of the 
cation, neither the trimethine nor the heptamethine. For both Cy7P and Cy7T, the 
oxidation potential vs vacuum Eox was found to be −5.37 eV, and the reduction potential 
Ered was at −4.20 eV. The electrochemical band gap of the heptamethine dyes is 1.17 eV.  
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For the trimethine dyes no anodic peak was observed around Eox, which indicates 
that the oxidation is irreversible. A possible explanation is that the dyes dimerize 
irreversibly upon oxidation. It has been described in the literature that such a dimer can 
form a stable bis−dye upon loss of two protons and two electrons.83 When the 
measurement was performed in TFE (trifluoroethanol), however, the oxidation of the 
trimethines was reversible, so that Eox could be determined. For both Cy3P and Cy3T, the 
oxidation potential vs vacuum Eox was found to be −5.91 eV, and the reduction potential 
Ered was at −3.78 eV. The electrochemical band gap of the heptamethine dyes is 2.13 eV. 
The counterions PF6− and TRISPHAT− themselves are not redox active in the 
potential range of the cation or C60, which makes them suitable for their application in 
solar cells, as they are not able to trap charges. The difference between the optical and 
electrochemical gap observed here follows the general trend known for cyanine dyes 
(Eopt–Eel ≈ 0.35 V).73 
2.2.2.3 X−ray Crystal Structures79 
Single crystals of Cy7P and Cy7T suitable for X−ray crystal structure analysis could 
be grown by vapor diffusion of Et2O into DCM solutions of each compound. The packing of 
the heptamethine cations in the crystal structures is influenced to a large extent by the 
counterion. 
With the PF6− counterion a monoclinic solvent–free crystal structure in the space 
group Pn (#7) was obtained. The asymmetric unit (Figure 2.8 a) contains four 
symmetry−independent cations and anions. The independent cations generally have very 
similar conformations with only small differences in most torsion angles. The major 
differences are that one cation has the terminal methyl group of one ethyl substituent 
rotated by approximately 180° relative to its orientation in the other three cations and 
that another cation has the opposite half–chair puckering of the central six−membered 
ring compared with the other cations. No additional crystallographic symmetry could be 
found in the structure, although the structure is pseudocentrosymmetric with an 83% fit 
of the atoms to the additional symmetry element; the differences between the 
conformations of the cations are breaking the additional symmetry. No obvious 
interactions, such as π−π stacking, could be found in the crystal packing (Figure 2.8b). 
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Figure 2.8. Crystal structure of Cy7P.  (a) asymmetric unit, (b) crystal packing viewed along the a−axis, 
colored by symmetry equivalence.
79
 
With −TRISPHAT− as the counterion, a triclinic crystal structure in the space 
group P—1 (#2) was obtained. In contrast to the structure with PF6−, only one cation and 
anion is found in the asymmetric unit (Figure 2.9 a) alongside some highly disordered 
solvent molecules which are assumed to be diethyl ether. In the crystal packing (Figure 2.9 
b), the cations and anions form layers parallel to the a–axis. However, the distances 
between the π−systems of the cyanine cations are on the order of 10 Å, and thus no π−π 
stacking occurs. 
 
Figure 2.9. Crystal structure of Cy7T.  (a) asymmetric unit, (b) crystal packing viewed along the b−axis, 
colored by symmetry equivalence.
79
 
When comparing the crystal structures of Cy7P and Cy7T, it is found that the 
TRISPHAT counterion associates more weakly with the heptamethine cation, as expected 
due to sterical hindrance. The −TRISPHAT− counterion leads to a more ordered packing 
structure of the cations, which are found at larger spacing from each other than in the 
crystal structure with PF6−. It is difficult however to draw direct conclusions from this on 
the packing structure of the cations in spin−coated thin films used for organic solar cells, 
as these are thought to be amorphous. 
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2.3 Synthesis of Heptamethines with Different 
meso−Substitution 
2.3.1 Aim: Tuning of the Redox Levels of Heptamethine Dyes 
As mentioned in the introductory chapter, there is a vast number of differently 
substituted heptamethine with various dyes known in the literature, while most 
investigations target at biological applications. Specific studies on how to obtain 
chromophores with suitable electron levels for application solar cell devices, however, are 
absent.  
The target of this work is the synthesis of various NIR absorbing heptamethine 
dyes which can act as hole−transporting layers (HTL) and co−sensitizers in 
methylammonium lead halide (CH3NH3PbI3) perovskite solar cells (see chapter 3.2.2) 
using the following considerations: In order for hole−injection from the perovskite to the 
heptamethine to occur, the HOMO level of the dye must be higher in energy than the 
valence band maximum (VBM) of the perovskite. In order for co−sensitization to occur, an 
electron must be injected from the LUMO of the dye into the conduction band of the 
perovskite, and thus the LUMO should be higher in energy than the conduction band 
minimum (CBM) of the perovskite. In Figure 2.10 the energy levels of CH3NH3PbI384 and the 
heptamethine cation Cy7+ 79 (which was used previously in the counterion study, see 
chapter 2.2) are depicted. Both, Eox and (Eox + Eopt) of Cy7+ are indicated for the following 
reason: The redox potentials obtained from cyclic voltammetry measurements (Eox and 
Ered) are usually not identical with the real orbital energy levels (HOMO and LUMO) in the 
molecule.85 In cyanine dyes, the opticap bandgap (Eopt) is usually larger than the 
electrochemical bandgap (Eel).73,86 An approximate value for the energy of the first excited 
state S1 of a cyanine dye is obtained by adding the optical bandgap to the first oxidation 
potential (Eox + Eopt).73  
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Figure 2.10. Energy level diagram of VBM and CBM of CH3NH3PbI3 and redox potentials of the Cy7
+
 
cation.
79,84
 The dotted lines indicate the targeted hole or electron injection processes in the solar cell, 
which are not very favored when using Cy7
+
. 
As can be seen in Figure 2.10, the HOMO and LUMO levels of Cy7+ are only slightly 
offset in energy compared to the VBM and CBM of CH3NH3PbI3. It is apparent, that both the 
HOMO and the LUMO level of a cyanine HTL should ideally be slightly higher in energy 
(than for Cy7+) in order for efficient electron / hole transfer to occur in the solar cell. It 
was introduced in chapter 2.1.3.2 that meso–substitution at the heptamethine 
chromophore allows for fine–tuning of these levels.72 The introduction of electron–
donating substituents at this position is predicted to raise both energy levels, while the 
LUMO should be affected stronger than the HOMO.74 At the same time it is of interest to 
extend the absorption of the heptamethine dye further into the NIR, which can be achieved 
by introducing benzindole heterocycles (see chapter 2.1.3.2).68 
Given this motivation, heptamethine dyes with different (benz)indole flanking 
groups as well as various electron–donating substituents in meso–substitution are 
synthesized and fully characterized and the influence of these substituents on their 
properties is studied. Finally their compatibility with the CH3NH3PbI3 perovskite layer is 
evaluated. The creation of a library of NIR heptamethine dyes with varying redox levels is 
also beneficial for other types of organic electronic applications.  
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Scheme 2.7. Target structures of heptamethine dyes flanked by different indole heterocycles with 
varying meso–substitution.
 d
 Dyes with the barb–substituent are internal salts, all other dyes carry A
−
 = I
−
 
or PF6
−
 as the counterion. 
The target molecules are shown in Scheme 2.7. Various substituents with inductive 
or mesomeric electron–donating properties have been chosen, which are expected to be 
achieved by straightforward synthesis or by post–synthetic modification of the chloro–
heptamethine dye. All dyes are synthesized as the iodide salts and then counterion 
exchange to PF6− is performed, except for the structures with the barbiturate (barb) 
substituent, which are internal salts and thus do not require a counterion. 
2.3.2 Results and Discussion 
2.3.2.1 Synthesis 
2.3.2.1.1 Benz[cd]indolium heterocycle 
In order to obtain heptamethine dyes that absorb above 1000 nm, the 
benz[cd]indolium heterocycle was synthesized as shown in Scheme 2.8 according to an 
adapted literature procedure.87 First, lactam 11 was N–alkylated with the respective 
alkylbromide (R1–Br) in sulfolane using potassium iodide (KI) and 4–
dimethylaminopyridine (DMAP) as catalysts and potassium hydroxide (KOH) as a base. 
The resulting intermediate was further treated with methyl magnesium chloride in THF; 
after aqueous work–up and precipitation with KI the alkylated benz[cd]indolium 
heterocycle with a methyl group in 2–position (12a or 12b) was obtained as the iodide 
salt. Heptamethine dyes containing the benz[cd]indolium heterocycle are expected to be 
less soluble than their indolium and benz[e]indolium analogues (which carry methyl 
groups in 3–position of the indole), and thus require to be substituted in a way to increase 
their solubility. Branched alkyl chains like 2–ethylhexyl are known to improve the 
                                                                    
d Dye 8-Cl is identical with the Cy7+ cation from the previous chapter 2.2. The structure will be named 8-Cl 
here in analogy to the other dyes discussed in this chapter. 
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solubility and thermal properties of polymethine dyes.88,89 2–Pentyl was chosen because it 
can be expected to have similar properties and the alkylation and subsequent reduction of 
lactam 11 with 2–bromopentane is already described.87 The obtained yield of 71% over 
two steps is in good agreement with the literature. As will be mentioned later, the 
solubility and aggregation behavior of heptamethine dye 10a–Cl with the 2–pentyl side 
chain was not satisfying. Thus the 1–octyl chain was chosen as a long alkyl chain expected 
to improve the solubility of compounds with large –systems. The alkylation of lactam 11 
with 1–bromooctane was carried out using the same reaction condition and work–up as 
for 2–bromopentane, however the yield was lower (45% over both steps). Attempts were 
made to introduce a hexadecyl alkyl chain using the same alkylation and reduction 
procedure starting from lactam 11, however no product could be isolated. 
 
Scheme 2.8. Synthesis of N–alkylated benz[cd]indolium heterocycle. 
2.3.2.1.2 Knoevenagel Coupling to Heptamethine Dyes 
Heptamethine dyes were synthesized as shown in Scheme 2.9.59 Indolium and 
benz[e]indolium heterocycles (13 and 14) with an ethyl group as the N–alkyl chain were 
prepared according to literature procedures63 and coupled with a dianil compound 
carrying a Ph– or a Cl–substituent at the meso–position to give indole heptamethines (8) 
and benz[e]indolium heptamethines (9).  
The synthesis of benz[cd]indolium heptamethines (10) was carried out in a similar 
fashion. 10a–Cl with 2–pentyl as the N–alkyl chain showed strong broadening of NMR 
signals in various solvents, which was attributed to aggregation. This is an unwanted 
property for the purpose of this thesis and thus 1–octyl was examined as an alternative. 
10b–Cl with 1–octyl as the N–alkyl chain did not show the NMR line broadening and so the 
1–octyl chain was chosen for further synthesis and study of the dyes containing the 
benz[cd]indolium heterocycle. 10b–Cl could not be synthesized using NaOAc as a base in 
ethanol like the other heptamethine dyes; an alternative route with triethylamine (NEt3) 
as a base in acetic anhydride (Ac2O) was successful.  
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Scheme 2.9. Synthesis of heptamethine iodide salts by Knoevenagel coupling of a heterocycle with the 
respective dianil. Reaction conditions: NaOAc, EtOH, reflux, 1–16h. 7b–Cl was synthesized using an 
alternative route: NEt3, Ac2O, AcOH, 65°C, 30 min 
All heptamethines were first obtained as iodides and then precipitated as PF6− salts 
as described in chapter 2.2.2.1, so that the final products have PF6− as their counterion. 
2.3.2.1.3 SRN1 substitution in meso–position 
Heptamethine dyes with a chloro–substituent in the meso–position (8–Cl, 9–Cl, and 
10b–Cl) were further subjected to nucleophilic substitution conditions (SRN1).90 1,3–
Dimethylbarbituric acid and dimethyl amine and were used as nucleophiles to obtain the 
respective meso–barbiturate (8/9–barb) and meso–NMe2 analogues (8/9–NMe2) as 
shown in Scheme 2.10. The meso–NMe2 analogues were first obtained as iodides and then 
precipitated as PF6− salts. The meso–barbiturate dyes form an inner salt and are thus 
“counterion–free”. 9–barb (Scheme 2.7) is commercially available and was purchased for 
optical and electrochemical analysis and for comparison with the synthesized dyes. 
 
Scheme 2.10. Nucleophilic substitution reactions to obtain dyes with electron–donating substituents in 
meso–position. Y stands for the respective heterocycle (8: indole, 9: benz[e]indole). Yields are given in 
parentheses. 
Efforts were made to synthesize also the benz[cd]indolium heptamethine dyes 
with electron donors in the meso–position by SRN1 substitution. It was found however, that 
they are difficult to obtain by using the same reaction conditions as given in Scheme 2.10.  
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Both cations 10b–NMe2 and 10b–barb (Scheme 2.7) could be detected by ESI–MS in the 
reaction mixtures and in the crude products. During purification attempts by 
chromatography or recrystallization in ambient atmosphere, however, decomposition of 
the products was observed. UV–Vis absorption spectra showed absorption bands in the 
region 400–600 nm and mass/charge ratios corresponding to the heterocyclic precursor 
12b were identified by ESI–MS, indicating a decomposition of the heptamethine 
chromophore. A possible explanation for this decomposition might be that the large –
system of benz[cd]indolium heptamethine dyes becomes particularly sensitive towards 
oxidation by air as it becomes more electron rich when substituted with stronger electron 
donors. Synthesis and purification under strict exclusion of oxygen, e.g. in a nitrogen–filled 
glovebox, could be a way to circumvent this problem. 
2.3.2.1.4 Benz[cd]indolium Squaraine Dye 
 
Scheme 2.11. Synthesis of NIR squaraine dye SQ–870. 
A squaraine dye flanked by the benz[cd]indolium heterocycle (SQ–870) was 
prepared according to a literature procedure as shown in Scheme 2.11.243 
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2.3.2.2 Optical and Electrochemical Characterization 
2.3.2.2.1 Heptamethine Dyes 
UV–Vis–NIR absorption spectra of the heptamethine dyes with different meso–
substitution are shown in Figure 2.11 and a summary of the optical properties in solution 
is given in Table 2.3.  
 
 
Figure 2.11. UV–Vis–NIR absorption spectra of heptamethines with different meso–substitution in 
ethanol (normalized to their molar extinction coefficient at λmax). Counterion A= PF6
−
, except for the 
barbiturate dyes. 
As expected, there is a red–shift in the absorption when the conjugation in the 
heterocyclic flanking group is increased.  Between the indolium and benz[e]indolium 
analogues the absorption maxima differ by ≈35 nm; when changing the heterocyclic 
flanking group from benz[e]indolium to benz[cd]indolium however, a remarkable red shift 
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of  ≈200 nm is found. This can be attributed to the increased rigidity as the carbon at the 
3–position of benz[cd]indolium is sp2–hybridized and involved in the conjugated –system 
instead of being sp3–hybridized and carrying two methyl groups (1–position of 
benz[e]indolium).  
Table 2.3. Optical properties of heptamethines with different meso–substitution in ethanol. 
dye max a  b IAC × 1018 c f  d 
 nm M
–1
 cm
–1
 M
–1
 cm
–1 
s
–1
  
8–Cl 781 325'000 11.5 1.66 
8–Ph 761 330'000 11.3 1.64 
8–NMe2 664 88'000 10.06 1.53 
8–barb 758 278'000 9.99 1.45 
9–Cl 821 298'000 12.0 1.65 
9–Ph 798 295'000 10.9 1.59 
9–NMe2 698 90'000 9.95 1.44 
9–barb 792 274'000 9.55 1.46 
10b–Cl 1022 116'000 4.83
e
 0.69
e
 
10b–Ph 1003 216'000 7.65 1.10 
a 
Absorption maximum. 
b 
Molar extinction coefficient at λmax. 
c 
Integrated absorption coefficient. 
d
 
Oscillator strength. Details about the determination of these values are given in the experimental part, 
chapter 0. 
e
IAC and f are lower for 10b–Cl because the absorption peak exceeds the scanning range of 
the instrument (300-1100 nm). 
When exchanging the meso–substituent from –Cl to the electron–donating groups 
–Ph, –barb, and –NMe2, a hypsochromic shift of the absorption is observed. It is notable 
that the tertiary amines 8–NMe2 and 9–NMe2 show a very broad absorption peak with low 
molar extinction coefficients at λmax and the most pronounced blue shift of ≈120 nm with 
respect to the chloro dyes. This is attributed to loss of the ideal polymethine state and 
formation of a charge–centered “bis–dipole” state in the presence of strong electron 
donors, as illustrated in Scheme 2.12. This effect has been demonstrated by S. Pascal et. al. 
for a series of different secondary and tertiary amines in the meso–position of 
heptamethine dyes.91 
 
Scheme 2.12. Resonance structures of 8–NMe2 illustrating the charge–centered “bis–dipole” state. 
When comparing the –Cl dyes with their respective –Ph and –barb analogues, only a slight 
blue shift is found. This is expected for the –Ph group which is only a weak electron donor. 
For the barbiturate substituent, however, this is surprising, as it is a much stronger 
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electron donating group and the heptamethine can form a similar “bis–dipole” structure as 
for the –NMe2 derivatives, as illustrated in Scheme 2.13 (resonance structure (B)).  
 
Scheme 2.13. Resonance structures of 8–barb. 
S. Pascal et. al. have reported that neutral heptamethines (with a central double bond, e.g. 
carbonyls and imines) show very pronounced hypso– and hypochromic shifts, with 
absorption maxima between 350 and 500 nm, which indicates an even stronger loss of the 
cyanine state than in the corresponding secondary amines.91 The resonance structure (B) 
of barbiturate heptamethine dyes (Scheme 2.13) is similar to the neutral oxo– and imino–
polymethines, and thus it could be expected that they should also show a strong blue shift 
and peak broadening. But their absorption maxima are only slightly blue–shifted with 
respect to the Cl–derivatives and they show very high extinction coefficents 
(> 270×103 M−1 cm−1 ) indicating that their ideal polymethine state remains undisturbed 
by the barbiturate substituent. Two possible explanations for this are proposed. One is the 
delocalization within the barbiturate, as shown for resonance structures (A1) and (A2) in 
Scheme 2.13, which is able to stabilize the negative charge within the substituent so that 
the “bis–dipole” state (B) is less pronounced. Secondly, the formation of a central double 
bond is hindered due to sterical reasons, as the bulky barbiturate substituent is tilted out 
of the cyanine plane.61 
Cyclic voltammetry (CV) measurements were carried out in electrolyte solution 
(0.1M TBACl in DMF) to determine the influence of the meso–substitution on the redox 
potentials of the heptamethine dyes which are given in Figure 2.12. The oxidation potential 
(Eox) can be considered as an estimate of the electronic ground state of S0 a dye, whereas 
the addition of the optical bandgap to the oxidation potential (Eox + Eopt) can be considered 
an approximation for the first excited state S1.e Comparing these levels to the LUMO/CB of 
other materials (e.g. the fullerene acceptors C60 and [60]PCBM or the solar cell material 
CH3NH3PbI3) allows to roughly estimate whether electron transfer from the dye to these 
materials is feasible.  
                                                                    
e The redox levels obtained by CV involve oxidation/reduction of the compounds, and are thus not equal to 
their HOMO and LUMO levels.85 In this work, the redox potentials of different dyes obtained by CV are 
compared to each other and the influence of the substituents on the redox levels can be considered similar to 
the influence on the molecular orbital levels. 
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The reduction potentials (Ered in Figure 2.12) show a clear rise in energy along with the 
electron donating strength of the substituent in meso–position, i. e. in the order –Cl, –Ph, 
–NMe2, –barb. The oxidation potentials show a similar trend, with exception of the –NMe2 
dyes, which have oxidation potentials in the same range as the –Cl dyes. This can be 
attributed to the formation of the “bis–dipolar” state mentioned previously (Scheme 2.12), 
which leads to an enlarged bandgap. When comparing the S1 levels (Eox + Eopt) of dyes 
within the 8– and 9–series to the conduction band of CH3NH3PbI3, it can be concluded that 
the incorporation of electron–donating groups at meso–position (while maintaining the 
ideal polymethine state) gives dyes with suitable levels for electron injection into the 
CH3NH3PbI3 perovskite. Thus the barbiturate dyes 8–barb (–3.59 eV) and 9–barb (–3.62 
eV) are the most promising candidates to act as co–sensitizers in CH3NH3PbI3 perovskite 
solar cells. Also the positions of the oxidation potentials (HOMOs) of 8–barb (–5.15 eV) 
and 9–barb (–5.11 eV) are ideal for acting as hole–transporting materials in a perovskite 
solar cell. 
 
Figure 2.12. Redox energy levels of heptamethine dyes 8–10 obtained by cyclic voltammetry in solution 
(DMF, 0.1M TBACl) vs. vacuum level. First oxidation potential (E
0
ox in black), first reduction potential (Ered 
in red) and sum of and optical bandgap (Eox + Eopt) as an estimate of S1 (purple). For comparison: VBM 
(blue) and CBM (pink) of CH3NH3PbI3
84
 and LUMO levels of fullerenes C60 and [60]PCBM (pink).
92
 
Benz[cd]indolium heptamethine dyes of the 10–series show very small 
electrochemical bandgaps. It is notable, that the oxidation potentials (Eox) are in the same 
range as for the corresponding dyes of the 8– and 9–series. The very small bandgap is 
almost solely caused by the strong lowering of the reduction potential (Ered) of these dyes. 
This means, that their S1 levels are very low, and electron transfer from these dyes to 
fullerenes or CH3NH3PbI3 is most likely not possible. Also it is interesting that dyes 10a–Cl 
and 10b–Cl, which only differ in their N–alkyl chain, have nearly identical redox levels, 
which shows that the effect of the N–alkyl chain on the electrochemical properties can be 
Chapter 2: NIR–Absorbing Cyanine Dyes and Counterion Exchange 
 Anna C. Véron – 2017 35 
neglected. The reduction potential (Ered) of 10b–Ph is higher in energy compared to the 
–Cl analogue, which is in agreement with the trends observed for the 8– and 9–series of 
heptamethine dyes.  
2.3.2.2.2 Squaraine Dye 
The UV–Vis–NIR absorption spectrum of benz[cd]indolium squaraine dye SQ–870 
is shown in Figure 2.13 as well as the redox levels Eox (–3.91), Ered (–4.20) and Eox + Eopt 
(–5.26) in eV. The bandgap of the squaraine dye is larger than the one of the heptamethine 
dyes with the same heterocycle due to a shorter polymethine chain in the squaraine 
system. The absorption maximum of 867 nm is slightly more shifted towards the NIR 
region compared to benz[e]indolium heptamethines of the 9–series, and the molar 
extinction coefficient (= 142×103 M–1 cm–1) is remarkably lower compared to 
heptamethine dyes with a similar bandgap (= 298×103 M–1 cm–1 for 9–Cl). The redox 
energy levels however, are slightly higher in energy compared to the heptamethine dyes, 
making squaraine dye SQ–870 a promising NIR–absorber suitable for photovoltaic 
applications.  
 
Figure 2.13. UV–Vis–NIR absorption spectrum of squaraine dye SQ–870 in ethanol. Energy levels of Eox 
(black), Ered (red) as well as Eox + Eopt (purple) in eV are given. 
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3 SOLAR CELL DEVICES: 
ORGANIC AND PEROVSKITE 
SOLAR CELLS 
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The growing awareness that our civilization needs to develop efficient alternative 
energy technologies in order to replace fossil fuels has boosted various fields of research 
during the last decade. Conversion of sun light into electrical energy is particularly 
attractive and thus the development of efficient, low-cost and stable solar cells is of great 
interest. This thesis contributes findings to two classes of solar cells — organic and 
perovskite solar cells, which will be reported in the following. 
3.1 Organic Solar Cells 
3.1.1 Introduction 
Organic solar cells (OSCs) belong to the third generation of solar cell types, also 
called emerging solar cell technologies. Their aim is to further reduce the production costs 
of solar cells, compared to the first (crystalline silicon solar cells) and second generation 
(thin film inorganic semiconductors, such as amorphous silicon, copper indium gallium 
selenide, and cadmium telluride) of solar cell technologies. OSCs employ organic 
semiconductors for solar energy conversion. Organic materials have several advantages, 
such as low cost, solution processability, and their properties are adjustable by molecular 
engineering. In addition they  possess high molar extinction coefficients, allowing for the 
application of very thin films (in the range of 100 nm), which further lowers the cost due 
to low material consumption and allows for fabrication of light–weight devices.93,94 OSCs 
are attractive for architectural integration due to their aesthetic appearance and the 
possibility to design solar cells in many colors – including transparent and 
semitransparent – for façade and window applications.8 
3.1.1.1 Working Principle and Device Architecture 
In general, OSC devices consist of two organic materials which form the active 
layers: a donor and an acceptor. The working principle of an organic solar cell is briefly 
summarized in Figure 3.1 b and c. Absorption of a photon (h ≥ Eg) by the donor material 
leads to the promotion of an electron to the LUMO. The “electron gap” left behind in the 
HOMO is called a hole (h+). Electron–hole pairs are called excitons and are strongly bound 
by coulomb forces in materials with a low relative permittivity (such as organic 
compounds). In order for the exciton to be splitted, it needs to diffuse to the donor–
acceptor interface (Figure 3.1 d) and the energy difference between the LUMO levels of 
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donor and acceptor must be larger than the exciton binding energy.f The separated 
charges can move to the respective electrodes where they are collected and led to 
recombine after being put to work in an external circuit. Here, light absorption and charge 
generation are only illustrated in the donor material; however the same principle is also 
valid for excitons generated by light absorption in the acceptor layer.  
In Figure 3.1, two common device architectures are illustrated. The bilayer 
architecture (a) involves a layer of each material sandwiched between the two electrodes. 
A hole–transporting layer (HTL) between the donor and the anode creates an electron 
barrier in order to avoid charges from flowing to the wrong electrodes. In some cases 
additional interface materials can be added on both sides of the active layers in order to 
facilitate charge transport or optimize other properties of the solar cell. The diffusion of 
excitons to the interface is a critical factor for the performance of OSCs. Typically excitons 
in organic materials cannot travel distances larger than a few tens of nanometers before 
they recombine,97 and thus all photons absorbed at a greater distance from the donor–
acceptor interface do not lead to electrical current generation. Thus the bilayer 
architecture is not optimal for efficient charge generation, as only the region close to the 
interface can contribute to current generation, and film thicknesses have to be chosen to 
be very thin. This makes the layers susceptible for defects and decreases their 
absorptivity.  
 
Figure 3.1. Left: Typical device architectures of OSC. a) Bilayer solar cell with a planar interface between 
donor and acceptor. b) Bulk heterojunction (BHJ) with a blend of donor and acceptor materials.  
Right: Working principle of an organic solar cell. c) Absorption of a photon and exciton generation. d) 
Exciton splitting at the donor-acceptor interface leads to the generation of charges. D = donor, 
A = acceptor, HTL = hole transporting layer. 
                                                                    
f This is the traditionally assumed model for exciton splitting.95 Recent findings indicate that the splitting can 
also occur if there is no energy level difference as a driving force, and thus the exact mechanism for charge 
transfer from donor to acceptor is still not fully understood.96 
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An attempt to avoid the problems associated with short exciton diffusion lengths is 
presented in the bulk-heterojunction (BHJ) architecture Figure 3.1 (b), in which donor and 
acceptor materials are blended together in order to form small domains (on the order of 
the exciton diffusion length). Ideally the structure should consist of “comb”‒like features 
of both donor and acceptor to maximize the interface between them (as drawn in Figure 
3.1 (b)). The formation of islands of one material within the other should be avoided, as 
photogenerated charge carriers in those islands are trapped and cannot be collected at the 
electrodes. BHJ blends are fabricated by deposition of a mixture of both compounds from 
solution. The formation of phase-separated domains is thus influenced by many factors 
and it is of great interest to optimize these in order to optimize the performance of OSCs. 
3.1.1.2 Characterization of a Solar Cell 
The efficiency of solar cells is generally assessed by measuring their current–
voltage (J–V) characteristics. Figure 3.2 shows the typical shape of a solar cell J–V curve 
indicating the parameters determining the performance of the cell: open–circuit voltage 
(VOC), short–circuit current density (JSC), and fill factor (FF). Vm and Jm are the voltage and 
current at the maximum power point. The efficiency η is defined as the ratio of maximum 
power output Pout  to power input Pin.98 
 
Figure 3.2. J–V characteristics of a solar cell under illumination with light and important parameters 
determining its performance. 
3.1.1.3 State of the Art 
The p–type donor materials employed in organic solar cells are typically 
conjugated polymers, such as polythiophene derivatives, the most famous example being 
poly(3–hexylthiophene) (P3HT). Other frequently used polymers are derivatives with 
phenylene–vinylene or fluorene backbones.93 Apart from polymers, also many small 
organic molecules (such as phtalocyanine) are commonly used for the light–absorbing 
donor layers.98  The n–type acceptor layers typically consist of fullerenes, such as C60 and 
its derivatives, e.g. [60]PCBM. Other compounds which possess high reduction potentials, 
such as rylene derivatives, can be used as acceptor materials.99 
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Apart from the active layers the solar cell stack involves a substrate, i.e. glass or 
plastic foils coated with ITO or other transparent conductive layers to form a bottom 
electrode100 and a top electrode (thermally evaporated metals or laminated conductive 
foils). Between the active layers and the electrodes several kinds of transport layers have 
been shown to be useful.  Commonly applied hole transporting layers (HTLs) such as 
PEDOT:PSS or molybdenum oxide (MoOx) form an excellent contact for holes and act as an 
electron barrier between the active layers and the anode, whereas electron transport 
layers such as lithium fluoride, calcium, or metal oxides (ZnO or TiOx) are employed to 
ensure efficient electron transport to the cathode.101 
During the last 15 years of research on OSCs their efficiencies have increased from 
<4% to 11.5% (certified)g for single heterojunction cells by H. Yan and coworkers. Their 
latest developments involve BHJ solar cells with perylenediimides as non–fullerene 
acceptors and controlled morphology by temperature dependent aggregation of the p-type 
polymers leading to a record efficiency of 11.5%.96,102 
In comparison with inorganic semiconductors, which typically feature bandlike 
absorption, organic molecules possess structured absorption spectra with distinct maxima 
and minima. This allows for specific absorption of only part of the solar spectrum, e.g. in 
the UV or NIR and thus for the fabrication of transparent solar cells which can be 
incorporated into windows of buildings and cars.103–105 In this area, the work of Bulovic et 
al. is especially notable, who have employed a NIR−absorbing phtalocyanine dye as an 
electron donor together with C60 to achieve a solar cell with an efficieny of 1.7% and an 
average visible transmission of 55%.103 
3.1.1.4 Cyanine Dyes in Organic Solar Cells 
Due to their outstanding photophysical properties, cyanine dyes are promising 
candidates for the application as sensitizers in solar energy conversion. As introduced 
previously (chapter 2.1.3.1, page 14) the synthesis of these compounds is easy and cost–
effective and many structures are commercially available on a large scale. Being readily 
soluble in various solvents, cyanine dyes can be deposited from solution and are 
compatible with industrial processing techniques.  
It was introduced in chapter 2.1.3 (page 13) that heptamethine cyanine dyes 
possess a single sharp absorption maximum above 750 nm. This property is not frequently 
found in organic chromophores, which often have several or broad absorption bands. NIR 
absorbing dyes are particularly interesting for solar cell applications, as they allow more 
                                                                    
g NREL efficiency chart for best research cell efficiencies, September 2016. 
http://www.nrel.gov/ncpv/images/efficiency_chart.jpg 
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low energy photons to be harvested, which is required for multijunction cells, for example. 
Additionally it offers the possibility to fabricate (semi)transparent solar cells with high 
visible light transparency.106 
Cyanine dyes were shown to be able to act as electron–donors as well as electron–
acceptors in OSCs.107 In the last years the group of F. Nüesch achieved considerable 
improvements in the performance of cyanine/C60 bilayer solar cells. Devices with good 
efficiencies (= 3%) and high fill factors (FF = 60%) were reported.108 Based on these 
findings the adaptation of the BHJ architecture with ideal domain sizes of cyanine and 
[60]PCBM (on the order of the exciton diffusion length) would be a promising strategy for 
further improving the efficiency of cyanine OSCs. One limiting factor in cyanine solar cells 
is the low charge carrier mobility which has to be addressed urgently to make further 
progress. 
3.1.2 Aim 
Previous studies showed that trimethine dyes can be blended with [60]PCBM to 
form phase separated structures and that the phase morphology strongly depends on the 
nature of the counterion.75 The lateral dimensions of the domains vary greatly depending 
on the counterion. With many of them (iodide, perchlorate and hexafluorophosphate) very 
large domains of several micrometers were obtained, that are not suitable for photovoltaic 
applications, given the small exciton diffusion lengths.  
Further investigations on this topic are necessary in order to find optimal 
counterions for improved BHJ morphologies. The TRISPHAT– counterion was introduced 
in chapter 2.2 as a soft and bulky anion that showed to be weakly coordinating to the 
cyanine chromophore.64 TRISPHAT– contains aromatic moieties which could form van–
der–Waals interactions with fullerenes. This could lead to a better mixing of the otherwise 
polar cyanine salt with the hydrocarbon compounds and thus to improved domain sizes in 
the blend film. 
Apart from controlling the BHJ phase separation morphology, mobile counterions 
were found to also have an important effect on the performance of bilayer cyanine solar 
cells.76,109 
In this work, two cyanine chromophores with different counterions are used: a 
trimethine and a NIR absorbing heptamethine cyanine dye with the counterions PF6– 
(Cy3P and Cy7P) and TRISPHAT– (Cy3T and Cy7T). Structures of the compounds are 
shown in Scheme 2.6 (page 18). The influence of these two counterions on the 
performance of bilayer solar cells as well as BHJ blends is examined. 
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3.1.3 Results and Discussion: Semi–transparent Organic Solar Cells 
Bilayer organic solar cells were fabricated with heptamethine salts Cy7P or Cy7T 
as the electron donor and C60 as the electron acceptor. The cathode was either composed 
of an 80 nm thick reflective Ag layer; alternatively, semitransparent cells were fabricated 
with an Ag (12 nm)/Alq3 (60 nm) electron-collecting electrode (Figure 3.3 a).79 Therefore, 
highly transparent devices were obtained with average (450−670 nm) visible 
transmittance values of 62% (for Cy7P) and 66% (for Cy7T) and maximum 
transparencies of over 75% (Figure 3.3 b).106 For semitransparent OPV cells, best perform- 
ances were (for Cy7P) JSC = 3.6 mA cm−2, Voc = 0.38 V, FF = 64.8%, η = 0.9% and (for Cy7T) 
JSC = 6.4 mA cm−2, Voc = 0.63 V, FF = 54.0%, η = 2.2% (Figure 3.3 c). For nontransparent 
devices, η = 1.8% for Cy7P and η = 2.8% for Cy7T were measured. In general, 
semitransparent devices have a lower performance compared to devices that use a highly 
reflective back metal contact, since more light can be absorbed in the latter case. Average 
performance values are given in the Experimental Part. 
The influence of the counterion on solar cell performance is notable. The decreased 
JSC for Cy7P, despite its broader absorption spectrum (Figure 3.3 b), indicates a lower 
charge generation yield at the dye/C60 heterojunction. Also, Voc for Cy7P is considerably 
lower as compared to Cy7T. It has been shown that Voc is correlated to the redox energy 
levels of the active donor and acceptor materials,101,110 and specific factors have been 
identified that limit Voc, such as morphology, bimolecular charge recombination, or shunt 
conduction.111,112  Indeed, reverse dark current densities for cells using Cy7P (−2 mA cm−2 
at −1 V) were considerably higher than for Cy7T (−0.04 mA cm−2), resulting in a lowered 
Voc and eroding the device efficiency partly. Also the packing of the ions in the film, the 
formation of dipole layers, and potential shifts at the dye/C60 interface could have a strong 
influence on the energetics of the relevant redox levels. The redox levels as measured by 
CV in solution are the same for Cy7P and Cy7T, and Ered (−4.20 eV) is in principle 
unfavorable for electron transfer after dye excitation to C60 (LUMO= −3.92 eV).92 
Therefore, we must assume that the redox potentials of individual molecules in solution 
do not reflect the energetic situation in the solid film and hence in the actual OPV cells. 
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Figure 3.3. (a) Schematic of the optimized semitransparent cyanine/C60 cell architecture. (b) Absorbance 
spectra of thin films of C60, Cy7P, and Cy7T; transmittance spectra of solar cells. (c) White light (solid 
lines) and dark (dotted lines) solar cell J−V characteristics for solar cells with Cy7P (black) and Cy7T (red). 
It is interesting to note that the properties of heptamethine dyes Cy7P and Cy7T in 
the solid state are greatly influenced by the counterion. The thin film absorption spectra of 
the two salts show very different peak shapes; the absorption band of Cy7T is much 
narrower, due to reduced aggregation in the presence of the large TRISPHAT– counterion. 
Recently, the group around R. R. Lunt has published a detailed study on the effects 
of various counterions in heptamethine salts on their photovoltaic properties.113 They 
could confirm the strong increase in Voc and device performance when going from small 
hard counterions to larger counterions containing halogenated aromatic moieties. Further 
experiments in order to elucidate the mechanism behind Voc enhancement in these 
systems lead to their conclusion that it arises from changes in the interface gap (defined as 
the difference between the donor HOMO and acceptor LUMO) induced by the counterion. 
This hypothesis is confirmed by ion mixing experiments which lead to a linear increase in 
Voc when the ratio between two counterions is varied. Finally, they  report a strong effect 
of the counterion on the oxidation potential of the cyanine dye measured by ultraviolet 
photoelectron spectroscopy (UPS) in the solid state.113 
3.1.4 Optimized Domain Size in Cyanine/[60]PCBM Blends 
In collaboration with coworkers,114–116 cyanine dyes with different counterions 
synthesized within the scope of this thesis have been studied in bulk heterojunction (BHJ) 
blends together with [60]PCBM. Spin−coated thin films of blends of Cy7P (PF6− 
counterion) or Cy7T (TRISPHAT− counterion) were characterized by atomic force 
microscopy (AFM) and dissolution experiments, which revealed striking differences in the 
morphology depending on the choice of counterion. With the PF6− counterion, the films 
were found to form fully phase−separated bilayers with a rough interfacial layer, which 
had detrimental effects on solar cell device performances. With the TRISPHAT− 
counterion, however, a smooth blend of [60]PCBM and dye was obtained and it was not 
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possible to selectively dissolve the components, indicating that they had formed a blend 
on the molecular level.114 In fact, this morphology was also not found to be optimal for 
application in solar cells, as the great miscibility of the dye and [60]PCBM did not give any 
phase separation. Solar cell efficiencies of Cy7T/[60]PCBM blends were at 1.1%, which is 
half the performance obtained from bilayer devices of Cy7T/C60 (chapter 3.1.3).114,116 The 
increased miscibility of Cy7T with fullerenes could additionally be confirmed by ESR and 
photo−ESR studies conducted by Vismara et al., who found a significant increase in 
photogenerated spins in blends of Cy7T/C60 as compared to Cy7P/C60.115 
 In conclusion, it was demonstrated that the counterion can tremendously 
influence the morphology of BHJ blends between cyanine salts and [60]PCBM. Especially 
the large anion TRISPHAT– containing aromatic moieties can undergo attractive 
interactions with the fullerenes, possibly by − interactions. Further studies with 
counterions containing aromatic moieties could lead to the desired blend morphology 
with domain sizes on the order of the exciton diffusion length, as would be required for 
efficient BHJ solar cells.  
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3.2 Perovskite Solar Cells 
3.2.1 Introduction 
Perovskite solar cells (PSCs) are a relatively new branch of emerging photovoltaic 
technologies. They have evolved out of dye-sensitized solar cells (DSSCs) by replacement 
of the organic dye with an organic–inorganic hybrid material as the sensitizer. Only a few 
years after their discovery, the power conversion efficiency of PSCs has increased 
strikingly, from 3.8 % in 2009 to 22.1% in 2016.9,10 This rapid development sparked 
excitement in the scientific community and a great number of researchers is currently 
focused on obtaining deeper understanding in this promising branch of photovoltaic 
technology. Additional to high efficiencies, PSC devices hold several other advantages, 
such as low cost and solution processability of the components.11 Furthermore, the scope 
of hybrid organic–inorganic hybrid materials has extended to other applications, such as 
lasing,117 light–emitting devices,118 photodetectors119 and X-ray detection.120 
While several different device architectures for PSCs are being investigated, the 
highest efficiencies to date are obtained using a compact TiO2 hole–blocking layer, a 
mesoporous TiO2 layer infiltrated with the organic–inorganic perovskite CH3NH3PbI3, and 
the organic hole–transporting material (HTM) Spiro-OMeTAD, sandwiched between the 
cathode, typically fluorine-doped tin oxide (FTO) on glass, and thermally evaporated gold 
as the anode (Figure 3.4a).121,122  
The organic–inorganic hybrid material adapts a perovskite crystal structure with 
the general formula AMX3, where A is an organic cation, M is a bivalent post–transition 
metal and X is a halide. The perovskite framework consists of a three–dimensional 
network of corner–sharing MX62– octahedra, in which the cations A are occupying the 12–
fold coordinated gaps in the structure to balance the charge (Figure 3.4b).123,124 The most 
well–known member of this family is methylammonium lead triiodide (A = CH3NH3+, 
M = Pb2+, X = I–) which is widely applied in solar cells.9,122 
 
Figure 3.4. (a) Typical architecture of a PSC from bottom to top: glass/FTO cathode, compact layer of 
TiO2, mesoporous (mp) TiO2, perovskite CH3NH3PbI3, hole–transport material (HTM), gold (Au) anode. 
(b) Schematic of crystal structure of organic–inorganic perovskites composed of corner–sharing MX6
2-
 
octahedra (grey) and organic cation (green). 
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An overview over different procedures available for the fabrication of hybrid 
perovskite thin films is given in chapter 4.1.3 (page 58). Recent advances have been made 
by tuning the composition of organic cations in lead iodide perovskites. A mixture of 
formamidinium (FA+) and methylammonium (MA+) led to an improved efficiency of 14.9% 
compared to the perovskites containing only one of these two cations (12.5% for MA+, 
10.5% for FA+).125 Additional improvements were reported with a new spin‒coating 
deposition technique of the perovskite layer and further fine tuning of the composition of 
the halides (X = I, Br), providing efficiencies of 18–20%.126,127 Efficiencies over 20% and 
remarkable improvement of the long-term stability of solar cells were achieved when a 
small amount of Cs+ was mixed with FA+ and MA+ cations in a lead iodide/bromide 
perovskite.10  
While the composition and nature of organic cations in the perovskite structure 
seems to be an attractive point for fine–tuning of the material properties, the selection of 
organic molecules  for the A site in the crystal structure of AMX3 lead halide perovskites is 
limited by size constraints.124,128 Cations larger than ≈ 2.6 Å cannot be incorporated into a 
three–dimensional lead halide network, but instead, structures with lower dimensionality 
of the inorganic network can be formed.129 This subject will be highlighted in more detail 
in chapter 4. 
3.2.2 Enhancing the Spectral Sensitivity of PSC into the NIR 
3.2.2.1 Aim  
The organic–inorganic perovskite material CH3NH3PbI3 is a strong absorber, able to 
convert photons over the whole visible region into electric current with great efficiency. 
Figure 3.5 shows the external quantum efficiency (EQE, black line)h of a PSC in a standard 
architecture (as shown in Figure 3.4a) using Spiro-OMeTAD as the hole–transporting 
material. It can be seen that lower energy photons (>800 nm) are not harvested and 
converted into electricity, as they are not absorbed by the perovskite material. 
Heptamethine cyanine dyes are strong absorbers in the NIR, with a sharp absorption band 
>800 nm (as introduced in detail in chapter 2.1.3). Figure 3.5 shows the normalized 
absorbance of a thin film of heptamethine dye 9–barb, which possesses redox levels 
compatible with the valence band (VB) / conduction band (CB) of the perovskite material. 
Details about structure and optical / electrochemical properties of 9–barb are found in 
chapter 2.3.2.  
                                                                    
h The EQE is the ratio of the number of charge carriers collected by the solar cell to the number of photons of a 
given energy shining on the solar cell. 
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Figure 3.5. EQE of a standard PSC (black line) and normalized absorbance of NIR absorbing 
heptamethine dye 9–barb in a thin film (green line). 
In order to enhance the spectral sensitivity of PSCs into the NIR beyond 800 nm, 
cyanine dyes are tested as HTMs and co–sensitizers in the solar cell. Considerations about 
tuning the redox levels of cyanine dyes to be suitable for this purpose are discussed in 
detail in chapter 2.3.1. The synthesis and characterization of the proposed heptamethine 
target structures is described in chapter 2.3.2 and their redox levels are summarized and 
compared to CH3NH3PbI3 in Figure 2.12 (page 34). The preparation and characterization of 
PSCs with cyanine dye HTMs is described in the following. 
3.2.2.2 Results and Discussion 
3.2.2.2.1 Sequential Deposition: Rough Perovskites 
In first experiments cyanine dye 9–Cl was examined as a hole transporting material. The 
solar cells were fabricated according to a standard literature procedure by Burschka et. 
al.,121 with the following layer stack: glass / FTO / TiO2 blocking layer (30–50 nm) / TiO2 
mesoporous layer infiltrated with CH3NH3PbI3 (300–400 nm)/ HTM / Au (80 nm). The 
sequential deposition method involved a first step of spin–casting lead iodide (PbI2) from 
DMF solution onto the substrate with mesoporous TiO2, followed by dip–coating in a 
methylammonium iodide (MAI) solution which leads to conversion to the perovskite. HTM 
Spiro-OMeTAD or 9–Cl was then applied by spin–coating from chlorobenzene solutions. 
Spiro-OMeTAD contained a dopant (cobalt complex FK209) and additives (LiTFSI and 4-
tert-butylpyridine) as described in the literature.121 As a reference, solar cells without any 
HTM were fabricated, in which the Au electrode was directly evaporated onto the 
perovskite. According to the literature, Spiro-OMeTAD is applied in a thickness of >200 nm 
and its conductivity is enhanced by dopants and additives. Cyanine dyes suffer from low 
charge carrier mobilities and even though conductivity can be improved by the addition of 
dopants to some extent,56 they can be only applied in thicknesses of less than 100 nm in 
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solar cells. In this experiment, 9–Cl was applied without the addition of dopants in a 
thickness of 20–30 nm. 
Table 3.1. Average performance of PSCs with CH3NH3PbI3 prepared by sequential deposition. Cyanine 
9–Cl is compared to the standard HTM Spiro-OMeTAD and solar cells without HTM. 
 All cells were measured from SC to FB (forward scan). 
HTM Voc Jsc FF 
 V mA cm
-2
 % % 
Spiro-OMeTAD 0.912 ± 0.047 18.35 ± 2.60 62.1 ± 4.9 10.38 ± 1.71 
9–Cl 0.488 ± 0.058 5.86 ± 0.51 42.1 ± 8.0 1.23 ± 0.40 
no HTM 0.593 ± 0.102 6.46 ± 1.57 45.6 ± 6.3 1.78 ± 0.68 
 
Average solar cell parameters (from at least 10 cells) of PSCs with different HTMs are 
summarized in Table 3.1 and J–V characteristics of the best cells are shown in Figure 3.6. 
Here, only standard “forward” scans from short circuit (SC) to forward bias (FB) were 
measured, as this work was performed previous to the issue of hysteresis in PSCs coming 
into focus of the scientific community.130 
 While the reference solar cells using Spiro-OMeTAD have efficiencies >10%, cyanine dye 
9–Cl as the HTM gives poor performing solar cells with < 2% efficiency. In fact, the 
performance is very similar to the solar cells containing no HTM at all, in which the Au 
anode is in direct contact with the perovskite. Thus it can be assumed, that this is also the 
case in the devices with cyanine as the HTM. The mesoporous TiO2 layer infiltrated with 
perovskite crystals is characterized by a high roughness and it might not be possible to 
fully cover it with the thin cyanine dye film.  
 
Figure 3.6. J–V characteristics of the best cells from Table 3.1 measured from SC to FB (forward scan). 
Cyanine 9–Cl (green) is compared to the standard HTM Spiro-OMeTAD (red) and solar cells without HTM 
(blue). 
In order to overcome this problem, studies on p–type doping of the cyanine layers 
were performed by Jenatsch et. al.131 While the conductivity could be improved, it is still 
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not possible to apply cyanine films at a thickness of 200 nm, as it would be required to 
cover the rough perovskite prepared by sequential deposition. 
3.2.2.2.2 Antisolvent Deposition: Smooth Perovskites 
During the course of this project, new perovskite deposition techniques were 
published, making the fabrication of flat and uniform perovskite films possible. Specifically 
the “antisolvent” deposition technique is able to provide smooth perovskite films of low 
roughness.126,132,133 In contrast to the sequential deposition, both precursors (MAI and 
PbI2) are dissolved in the same solvent or solvent mixture that retards crystallization of 
the perovskite, due to complexation of the Pb2+ ions. During the spin–coating process of 
this precursor solution, an antisolvent (which does not dissolve the perovskite) is added to 
wash the film and induce crystallization. Solar cells with a low roughness perovskite layer 
were prepared in collaboration with F. Giordano and J.–Y. Seo: glass / FTO / TiO2 blocking 
layer (30–50 nm) / TiO2 mesoporous layer infiltrated with perovskite / perovskite 
overlayer / HTM / Au (80 nm). This perovskite layer consisted of mixed organic cations 
(FA+ and MA+) and mixed halides (I– and Br–) and was prepared by an antisolvent 
method.134 The bandgap of this mixed perovskite material is supposed to be very similar to 
that of CH3NH3PbI3.127 Cyanine dyes 9–Cl and 9–barb were tested as HTMs and compared 
to the standard Spiro-OMeTAD; average solar cell characterization parameters (of at least 
2 cells) are listed in Table 3.2, J–V curves of the best cells are shown in Figure 3.7.  The yield 
of working devices was 100% for all HTMs, no short–circuited cells were obtained in a 
batch of nine devices. Solar cells without any HTM gave only short–circuited or shunted 
devices, which is why they are not shown.  
Table 3.2. Average performance of PSCs with low roughness mixed perovskite. Cyanine dyes 9–Cl and 
9–barb are compared to the standard HTM Spiro-OMeTAD. 9–Cl + additives  was doped with the same 
additives as Spiro-OMeTAD in the standard recipe.
133
 Scan direction is indicated as fwd (forward scan, SC 
to FB) or rev (reverse scan, FB to SC). 
HTM scan Voc Jsc FF 
  V mA cm
-2
 % % 
Spiro-OMeTAD fwd 1.029 ± 0.019 18.08 ± 0.65 73.72 ± 3.07 13.69 ± 0.27 
 rev 1.015 ± 0.020 17.85 ± 0.41 74.03 ± 4.54 13.40 ± 0.71 
9–Cl fwd 0.993 ± 0.001 12.70 ± 0.80 48.02 ± 2.95 6.03 ± 0.02 
 rev 0.911 ± 0.003 13.90 ± 0.98 58.65 ± 0.06 7.43 ± 0.55 
9–Cl + additives fwd 0.992 ± 0.013 11.38 ± 0.21 51.96 ± 8.94 5.83 ± 0.82 
 rev 0.886 ± 0.007 13.60 ± 1.32 61.38 ± 4.70 7.34 ± 0.09 
9–barb fwd 1.021 ± 0.001 12.90 ± 1.46 45.67 ± 0.62 6.03 ± 0.75 
 rev 0.909 ± 0.003 15.22 ± 1.57 54.33 ± 0.45 7.53 ± 0.87 
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Solar cells with the standard HTM Spiro-OMeTAD performed very well with the 
best efficiency at 14.12% and high fill factors >70% independent of the scan direction.130 
With cyanine dye 9–Cl as the HTM the best efficiency was 7.44%, the lowered 
performance compared to the standard is mainly due to a loss in FF and Jsc. When dopant 
and additives (cobalt complex FK209, 4-tert-butylpyridine and LiTFSI) were added to 
cyanine dye 9–Cl no significant effect on the solar cell performance was found. With 
cyanine dye 9–barb as the HTM the best efficiency was 8.39%; Jsc and Voc were slightly 
increased, while the FF was similar as compared to 9–Cl. For both 9–Cl and 9–barb Jsc was 
well above 11 mA cm-2, which is rather high for undoped cyanine dye films compared to 
what is known from their performance in OSCs.79 For all PSCs with cyanine HTMs a 
pronounced difference between the forward (fwd) and reverse (rev) J–V scan was 
observed. The origins of J–V hysteresis in PSCs are still not fully elucidated, as recently 
summarized in a review by Chen et al.135 They highlight the following four possible 
mechanisms: slow transient capacitive current,136 dynamic trapping and detrapping 
processes of charge carriers,130,137 band bending due to ion migration,138,139 and band 
bending due to ferroelectric polarization.140 In this work an influence of the scan direction 
on photovoltaic performance was only observed with cyanine salts as HTMs, but not with 
Spiro-OMeTAD. This favors mechanisms which involve traps or band bending caused by 
mobile ions for the explanation of J–V hysteresis. 
 
Figure 3.7. J–V characteristics of the best cells from Table 3.2 measured from SC to FB (fwd, solid lines) 
and FB to SC (rev, dotted lines).The different HTMs are: cyanine 9–Cl (green), 9–Cl with additives (blue), 
9–barb (orange) compared to the standard Spiro-OMeTAD (red). 
EQE spectra of the best performing solar cells are shown in Figure 3.8 (left). The 
current generation in the range of 400–800 nm is lowered with cyanine HTMs compared 
to the Spiro-OMeTAD standard, as is expected from the lower Jsc of these cells. No 
conversion of photons > 800 nm could be observed, indicating that the cyanine dyes are 
not acting as co–sensitizers in these solar cells. Transmission spectra of the solar cell 
stacks (Figure 3.8, right) demonstrate that the cyanine films have a reasonable thickness 
for the absorption of light (30–35 %T) and that the chromophores are intact. 
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Figure 3.8. EQE (left) and transmission spectra (right) of the best solar cells from Table 3.2.The different 
HTMs are: cyanine 9–Cl (green), 9–Cl with additives (blue), 9–barb (orange) compared to the standard 
Spiro-OMeTAD (red). 
In summary, cyanine dyes have been found to act as HTMs in PSCs, achieving high 
currents Jsc > 11 mA cm-2, but not as NIR co–sensitizers. A possible reason for this might be 
the mismatch of orbital energies, so that the electrons cannot be injected from the cyanine 
LUMO into the CB of the perovskite. Synthetic modifications of the cyanine dyes to further 
raise the energy of their LUMO, as well as compositional modification of the perovskite to 
lower its CB could be strategies to avoid this mismatch.  
3.2.3 Further Advancements in the Field of PSCs 
Within the scope of this thesis additional studies in the field of PSCs have been 
carried out together with coworkers.  
In collaboration with S. Fernandes (UNESP Araraquara, SP, Brazil) et al., niobium 
oxide was investigated as a hole-blocking material in order to replace TiO2 which is known 
to be unstable under exposure to UV irradiation.141 Compact Nb2O5 layers were applied in 
varying thicknesses together with mesoporous TiO2 and CH3NH3PbI3 prepared by 
sequential deposition, which gave PSCs with similar efficiencies to TiO2–only devices 
(12.3%). PSCs with 50 nm Nb2O5 blocking layer gave hysteresis–free solar cells together 
with improved short term stability of the solar cells.142 
In collaboration with M. Makha et al., a transparent laminated top electrode for 
PSCs was investigated to provide a low-cost and roll-to-roll compatible alternative to a 
gold evaporated contact. The electrode was composed of a mesh-like silver network on 
polyethylene terephthalate (PET), coated with a PEDOT:PSS/sorbitol film and could 
achieve stabilized power conversion efficiencies of over 7%.143 
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4 LOW–DIMENSIONAL 
ORGANIC–INORGANIC HYBRID 
PEROVSKITES 
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4.1 Introduction 
4.1.1 Background and Structures 
Organic–inorganic hybrid materials containing inorganic and organic structural 
components are able to combine the advantages from both sides – structural versatility 
and tunable properties of organic molecules as well as stability, crystallinity and 
outstanding electrical properties of inorganic compounds.144,145 Furthermore, new 
properties arise as a result of the synergistic combination of the components making 
organic–inorganic hybrids and nanocomposites extremely versatile materials with 
intriguing properties for various purposes and applications.145–148 Prominent compound 
classes based on the hybrid material concept are e.g. metal–organic frameworks (MOFs) 
and silica-based mesoporous hybrids which find application in the controlled storage and 
release of certain compounds, as well as in catalysis, sorption, chromatography, sensors, 
etc.149,150 Organic–inorganic perovskites are receiving tremendous attention by various 
research groups in the past years due to their exceptional photophysical and electronic 
properties. Particularly three–dimensional (3D) perovskites consisting of lead halides and 
small organic cations are able to achieve high performances in perovskite solar cells 
(PSCs), as introduced in chapter 3.2.1.122,151  
The family of compounds called perovskites adapts the same crystal structure as 
CaTiO3, which was named after Russian mineralogist L. A. Perovski.123 Thus the general 
formula of three–dimensional perovskites is AMX3, where A is usually a large cation, M is a 
medium–sized cation and X is an anion, forming an extended three–dimensional network 
of corner-sharing MX6 octahedra.123 In organic–inorganic hybrid perovskites, one of these 
components is organic. Even fully organic structures are known, so–called “molecular 
perovskites”.152 In organic–inorganic halide perovskites, which are the subject of this 
thesis, A is an organic cation, M is a bivalent metal (Pb2+, Sn2+, etc.) and X is a halogen (Cl, 
Br, or I). Especially the lead halide perovskites possess intriguing optical and electrical 
properties,153 and will be the focus of this thesis.  
The toxicity of lead is a major concern for the commercialization of lead–based 
perovskite solar cells,154 and efforts are made towards its replacement with less toxic 
elements.155 Unfortunately, lead–free analogues were not able to keep up to the 
outstanding properties of lead halide perovskites so far.154,156–158 Some studies found that 
the amount of lead typically employed in PSCs (in thin films of ≈ 200 nm) is low enough to 
keep the impact on the lead content of soil at a negligible level in case of breakage of a 
panel.159  
The most recent advances in PSCs raising photovoltaic power conversion 
efficiencies to >20% have been realized by compositional fine–tuning of the organic 
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cations incorporated in the inorganic network.10,127 This indicates that the composition 
and nature of the organic cations in lead halide perovskites are an attractive point for 
modification and optimization of their structure and properties. In 3D–perovskites of the 
general structure AMX3 the cation A is constrained in size in order to fit into the voids 
within the corner–sharing network of MX6 octahedra. In order to predict the possibility for 
a set of ions A+, M2+ and X–, to form a perovskite structure, a tolerance factor t is defined by 
Goldschmidt’s rule (2),124,128 where RA, RX and RM are the ionic radii of the respective ions 
(treating all ions as rigid spheres and considering close packing). 
 𝑹𝑨 + 𝑹𝑿 = 𝒕√𝟐(𝑹𝑴 + 𝑹𝑿) (2) 
For a 3D–perovskite structure, t needs to take a value of 0.8–1.0, and t ≈ 1.0 for the 
cubic crystal structure. Outside of this range 3D–perovskite–like structures can still be 
found, but distortions are predicted to occur.160,161 It needs to be noted that the 
determination of t is not straightforward for systems containing organic cations, because 
they are not spherically symmetric like inorganic ions and thus it can be difficult to assign 
their ionic radii.162 For lead iodide perovskites, assuming 𝑅𝑃𝑏2+ = 1.19 Å and 𝑅𝐼−= 2.20 Å163 
and  t = 1, the maximum size of the organic cation A is found to be ≈ 2.6 Å.164 Given that 
C–C bond lengths are between 120–154 pm,165 only very small organic cations, such as 
methylammonium and formamidinium are able to form three–dimensional APbI3 
perovskites.124,129  
These considerations only allow for a narrow choice of organic cations to be 
incorporated, and thus the options for structural versatility are strongly limited in 3D–
perovskite structures. These restrictions, however, are lifted gradually if the 
dimensionality of the inorganic network is reduced to two–dimensional (2D), one–
dimensional (1D), or even zero–dimensional (0D) structures.129  
The dimensionality stated here reflects the connectivity of the MX6 octahedra, 
which can form sheets (2D) or linear chains (1D) as illustrated in Figure 4.1. While sheets 
are usually formed of corner-sharing octahedra, linear chains can be built up in different 
ways from corner–, edge–, or face–sharing octahedra. In 0D–structures the inorganic part 
is present as isolated MX6 octahedral clusters (0D).124,164 Even though their crystal 
structures do not directly resemble the perovskite mineral CaTiO3, the low–dimensional 
structures are often still referred to as “perovskites”, as they can be described as slices of 
the parent 3D–perovskite AMX3.129 
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Figure 4.1. Illustration of perovskite structures with different dimensionality and their general formula. 
Corner–sharing octahedra (grey) forming a 3D–network (AMX3) with small organic cations (green) or 
sheets in a layered 2D–structure (A2MX4) with larger cations.
164
 Polyanionic 1D–chains of corner–sharing 
(A3MX5)
166
 or face–sharing octahedra (AMX3);
167–169
 cations omitted, as their position can vary.  
 In low–dimensional perovskites there are in principle no size restrictions for the 
organic cation, as the connectivity and the spacing between the inorganic components can 
vary and adapt to the steric demands of the cation.124,129 Besides steric constraints, there 
are also electronic effects governing the formation of these hybrid structures, as it is 
necessary to balance the charges between the polyanionic inorganic structure and the 
organic cations.129  
2D–perovskites with alternating layers of inorganic sheets and organic cations are 
analogues of the all–inorganic (n=1) Ruddlesden–Popper phases123 with the general 
formula A2MX4.170 The spacing between the inorganic sheets is determined by the length of 
the organic cation, which is demonstrated in a series 2D–perovskites incorporating 
alkylammonium cations CnH2n+1NH3+ of varying chain length (n = 4, 6, 8, …18).171,172 The 
stoichiometry of these layered systems, however, requires that there are two cations A+ or 
one bivalent cation A2+ per inorganic moiety MX42–.164 Again, this leads to size constraints 
in the width of the cations, as they need to be able to pack sufficiently dense in order to 
balance the charge of the inorganic sheets. Furthermore, it is thought that the organic 
cations must contain a terminal ammonium group in order to interact with the inorganic 
components in layered 2D–perovskites by hydrogen bonding.164,173–175 
With organic cations that are even more sterically demanding or lack specific 
functional groups for the ionic interaction with the inorganic substructure (e.g. if the 
positive charge is delocalized over a –system), it is possible to lower the dimensionality 
further to 1D– or 0D–perovskite structures.176 These systems offer a great structural 
versatility due to the fact that MX6 octahedra can form chains by corner–, edge– or face–
sharing (Figure 4.1). These chains can be interrupted into clusters of several octahedra of 
varying stoichiometry. An overview of the large number of structural possibilities in low–
dimensional perovskites can be found in a recent review by B. Saparov and D.B. Mitzi.129  
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In most organic–inorganic hybrid perovskites (with higher dimensionality) simple 
organic cations are employed with mainly a templating function and only an indirect 
influence on the material properties. However, there is also the possibility to incorporate 
photoactive cations into the inorganic networks, which can play a more active role in the 
resulting optical and electrochemical properties of the hybrid material. For example, 
polythiophenes,177 oligothiophenes,173  polydiacetylenes,178 fullerenes174 as well as 
naphthalene or pyrene chromophores179–181 (functionalized with alkylammonium chains) 
have been successfully incorporated into 2D–perovskites. Large cations without 
ammonium groups based on Schiff bases,182 methylviologen,183 tropylium,167 and 
naphthalene diimides184 have been described to form 1D–perovskites with chains of face–
sharing MX6 octahedra; other hybrid materials with sterically demanding cations 
incorporated into inorganic networks of varying connectivity have been reported.176,185,186 
The incorporation of large functional cations – which can be tailored by the tools of 
organic synthesis – into polyanionic inorganic networks allows for the design of new 
materials with great structural diversity and functional tunability as well as promising 
optical and electronic properties. 
4.1.2 Properties and Applications 
Lower dimensional organic–inorganic perovskites show several distinct 
differences in their electronic structure and properties compared to their three–
dimensional parents.187 While 3D–perovskites like CH3NH3PbI3 typically behave like 
inorganic semiconductors with low exciton binding energies and band–to–band 
absorption,188,189 layered 2D–perovskites are characterized by excitonic absorption and 
high oscillator strengths.175,190 This effect is attributed to both quantum confinement by 
the dimensional reduction191 and dielectric confinement due to the layered structure 
forming a “quantum well” semiconductor.190,192 The relative permittivity is much lower in 
the organic cation layer, so that the effective Coulomb interaction between electrons and 
holes is enhanced in the inorganic layer leading to an increased exciton binding 
energy.171,193,194 
Depending on the nature of the organic cations and inorganic layers, the excitons in 
2D organic–inorganic perovskites can have properties of both Wannier−Mott excitons 
(which have large radii 30−100 Å, small binding energies 10−30 meV, and typically occur 
in inorganic materials) and/or Frenkel excitons (which have small radii ∼5 Å, large 
binding energies 500−1000 meV and typically occur in organic materials).129,195,196 The 
measured exciton binding energies (60−540 meV) and radii (6.2−22.9 Å) in different 
layered organic–inorganic hybrids are reported to vary over a large region,187 and there 
are controversies whether they are Wannier−Mott or Frenkel type excitons.129,171,197 Some 
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studies suggest that with appropriately chosen organic cations and inorganic layers, both 
types of excitons could be generated in the separate layers and coupling of the excitons 
could lead to Frenkel−Wannier hybrid excitons.129,195,198 This could give rise to unusual 
properties, such as optical nonlinearity.129,199 
The orbitals involved in the absorption of light in organic–inorganic perovskites 
are solely based on the inorganic component (for cations that are not photoactive). In the 
case of lead halide perovskites the top of the VB is composed of mainly p–orbitals of the 
halide mixed with 6s–orbitals of Pb2+, while the bottom of the CB is formed by 6p–orbitals 
of Pb2+.200 It follows that the value of the VB can be altered by the choice of halide (VB 
decreases in energy from I– to Br– to Cl–), while the CB remains unaffected.200  
The bandwidth of the CB and VB decreases with the dimensionality of the inorganic 
network from 3D to 2D, 1D and 0D structures, leading to an increased bandgap.201 Figure 
4.2 illustrates the absorption spectra of lead iodide based hybrid perovskites with 
different dimensionality: 3D–perovskite CH3NH3PbI3 shows a broad absorption band all 
over the visible; for the lower dimensional analogues a sharp absorption peak is observed 
which is gradually shifted to lower wavelengths from 2D to 0D.187 
 
Figure 4.2. Absorption spectra of lead iodide based hybrid perovskites with different dimensionality. 
From right to left: (a) 3D: CH3NH3PbI3;  (b) 2D: (C9H19NH3)2PbI4; (c) 1D: (NH2C(I)=NH2)3PbI5; (d) 0D: 
(CH3NH3)4PbI6 ·2H2O. Reprinted from Progr. Sol. St. Chem., Vol. 25, G.C. Papavassiliou, Three– and low–
dimensional inorganic semiconductors, page 198, Copyright (1997), with permission from Elsevier. 
As mentioned above, most cations have only a templating effect and determine the 
dimensionality of the hybrid crystal, but their orbitals do not directly contribute to the 
optical properties of the material. When comparing a series of organic cations with 
increasing alkyl chain lengths n in a series of layered 2D perovskites (CnH2n+1NH3)2PbI4, it 
is found that while the spacing of the layers increases with n, this does not influence the 
bandgap for all chains n ≥ 4, as the distances between the inorganic sheets do not allow  
for electronic interactions.171,172 A notable property of this family of compounds is their 
thermal behavior, as they undergo reversible phase transitions. The first transition is 
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reported to be associated with conformational changes within the alkyl chain,171 while a 
second transition is described as a complete melting of the longer alkylammonium 
cations.172 The phase transition temperatures increase with increasing chain length n; 
from 250 K (n = 4) to 346 K (n = 18) for the first transition, which is accompanied by a 
visual color change of the crystal from yellow to orange; and from 313 K (n = 7) to 373 K 
(n = 18) for the melting transition, which leads to a distinct loss of the crystallinity.171,172  
In lower dimensional perovskites the effective masses of electrons and holes are 
higher than in their 3D analogues, leading to lowered charge carrier mobilities.158,202 The 
confinement of charge carriers in a two–dimensional sheet, as in layered A2MX4 
perovskites, however, could be useful for applications where charge transport in a certain 
direction is required, as for instance in thin–film field–effect transistors (FETs). The 
inorganic sheets of 2D–perovskites could act as semiconducting channels when aligned 
between the source and drain electrodes.203 Further areas of application for lower 
dimensional perovskites are light-emitting devices,204–206 solar cells,207 
photodetectors,208,209 second order nonlinear optical applications,210,211 or as battery 
cathodes.212 
4.1.3 Synthesis and Preparation of Thin Films 
For the synthesis of organic–inorganic hybrid perovskites various different 
approaches are available which can be chosen or combined depending on the properties of 
the desired organic and inorganic precursors. For both 3D– and lower dimensional 
compounds similar procedures can be applied, as the dimensionality of the resulting 
hybrid is usually determined by the size of the ions and/or the employed stoichiometry. 
The most common preparation procedure is the co–crystallization of an organic salt (e.g. 
alkylammonium iodide) with an inorganic salt (e.g. lead iodide) from solution.124,170 By 
slow evaporation or cooling of solutions containing both precursors in the right 
stoichiometry single crystals suitable for X–ray analysis can be obtained.124 This obviously 
requires sufficient solubility of both precursors in the same solvent. Typically employed 
solvents are water, aqueous solutions of hydrohalic acids (HI, HBr or HCl depending on the 
desired halide in the perovskite), alcohols and other polar organic solvents (DMF, DMSO, 
GBL or NMP).124,126,132,170,213 If the bivalent oxidation state of the chosen metal is unstable 
(e.g. Ge2+ or Sn2+), the crystallization has to be carried out under inert atmosphere to avoid 
oxidation – for lead halide perovskites, however, this is usually not a concern, as Pb2+ is a 
stable oxidation state.214 When employing structurally more advanced organic cations 
(than simple alkylammonium halides) it is often difficult to find a congruent solvent for 
both precursors. Alternatively, hybrid crystals can be grown by slow diffusion of two 
separate solutions – one containing the organic salt and the other the inorganic halide – by 
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layering or gel diffusion techniques.171,215 Another route to prepare organic–inorganic 
hybrid perovskites is by solid–state reaction or melt processing.216 These processes are 
limited due to the large difference in thermal properties between the organic and 
inorganic precursors. The rather low decomposition points of organic compounds 
(<300°C) require mild processing temperatures, which are often not sufficient to melt the 
inorganic salts, including lead halides.124,214 
Also for the preparation of thin films of organic–inorganic hybrid perovskites, 
which are typically needed for their application in optoelectronic devices, a variety of 
methods is known. During recent years special attention was given to the optimization of 
crystal size, grain boundaries and homogeneity of thin films of 3D–perovskites (especially 
CH3NH3PbI3) for photovoltaic applications.217 For each set of organic and inorganic 
precursor, however, the crystallization and film forming properties can vary and need to 
be optimized individually. Thin films on various substrates can be fabricated by spin–
coating from solution, either in a one–step procedure using a solution containing both 
precursors,126,213,218,219 or by two–step procedures, which involve sequential spin–coating 
or dip–coating of the two components.121,220–222 Typically, films of the inorganic component 
are prepared first, followed by exposure to a solution containing the organic halide. This 
leads to intercalation of the organic cation into the inorganic structure, e.g. to form a 
layered 2D–perovskite.223,224 Few examples are known where the organic compound is 
deposited first and then subjected to a solution of the metal halide.177  
Thin films of organic–inorganic layered perovskites have been described to have a 
strong tendency for preferential orientation of the perovskite sheets parallel to the 
substrate plane.124,220 This can be observed in powder XRD–diffraction patterns as a strong 
enhancement of the intensity of the c–axis reflections (00ℓ) compared to the other peaks, 
an effect also known from all–inorganic layered perovskites.225 
Apart from solution coating techniques, organic–inorganic perovskites can also be 
deposited by thermal evaporation.124,223,226–229 Also here, procedures have been developed 
for co–evaporation of both the inorganic and organic salt using a dual–source system226,229 
or sequential deposition of the two precursors. Two–step procedures which combine 
solution– and vapor–deposition techniques or thermal evaporation have also been 
reported.227,228 
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4.2 Highly Ordered 2D–Perovskite Films  
4.2.1 Aim 
As introduced above, 2D layered organic–inorganic hybrid perovskites have a 
tendency to form thin films with a preferential orientation of the inorganic sheets with 
respect to the substrate plane. Such films could be of great interest for field–effect 
transistors (FETs) as the inorganic sheets are aligned in the direction of charge transport 
between source and drain electrodes.  
Thin films of dodecylammonium lead iodide (DDAP) which has the formula 
(C12H25NH3)2PbI4 can be fabricated via an intercalation procedure which has been studied 
in detail by Ahmad et al.223 This procedure involves deposition of a PbI2 film followed by 
dip–coating in a solution of dodecylammonium iodide (DDAI) which leads to intercalation 
of the cation into the inorganic sheets. Ahmad et al. have studied and optimized several 
aspects of this procedure, namely the PbI2 film thickness as well as the solvent and 
concentration of the organic cation used in the intercalation step. Preliminary experiments 
to prepare thin films of DDAP based on the optimized conditions reported by Ahmad et al. 
have been carried out; it was found that slight variations of the experimental conditions 
had a great impact on the crystallinity and preferential orientation of the perovskite 
crystallites in the thin film.  
Figure 4.3 shows powder X–ray diffraction (XRD) patterns of two thin films of 
DDAP. The first pattern (top) corresponds to an incompletely converted film with a 
random orientation of the crystallites, as the peaks can be correlated to the pattern of 
DDAP powder. In the second pattern (bottom), only the (00ℓ) reflexes up to (00 20) are 
visible, indicating that the film consists of highly ordered crystallites with a preferential 
orientation of the inorganic sheets in parallel to the substrate plane. 
 
Figure 4.3. XRD patterns of two different films of DDAP.Top: Incompletely converted film with random 
orientation of crystallites, peaks labelled with “x” correspond to leftover PbI2. Bottom: Highly ordered 
crystallites with only (00ℓ) reflexes visible. 
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The following study aims at the elucidation of further factors influencing the 
formation of the 2D–perovskite during the intercalation process, in addition to the ones 
investigated by Ahmad et al.,223 with focus on the fabrication of highly ordered films. In 
particular, the influence of the morphology of the PbI2 precursor films, of the intercalation 
temperature and atmosphere are highlighted. 
4.2.2 Spin–Coated Lead Iodide Films with Controlled Morphology 
PbI2 films were spin–cast on glass slides from warm DMF solution (70°C). The 
concentration of the solution was near saturation at this temperature (29% w/w). Freshly 
prepared films were light yellow and turned dark yellow as they were drying. It was found 
that the drying conditions right after spin–coating have a remarkable effect on the final 
morphology of the PbI2 films, which is even visible by eye. Figure 4.4 shows a photograph 
of PbI2 films which were subjected to different drying temperatures right after spin–
coating; films dried at low temperatures (5–25°C) gave opaque yellow films, while when 
dried at higher temperatures (70°C) the films were found to be transparent. The observed 
visible transparency differences indicate that these films have different roughness and / or 
crystal sizes leading to different scattering properties. 
 
Figure 4.4. Photograph of spin–coated PbI2 films dried at different temperatures. 
The PbI2 films shown in Figure 4.4 were analyzed by scanning electron microscopy 
(SEM) and XRD. When regarding the SEM images (Figure 4.5) a clear trend towards the 
formation of compact films consisting of small crystallites was observed when the drying 
temperature was increased. When dried at room temperature (25°C), the PbI2 film 
consisted of disk–shaped crystallites, which do not fully cover the substrate forming a 
porous structure. If the film was cooled at 5°C during drying, the platelets were 
considerably larger, and the porosity of the film was increased. The films dried at 40–70°C, 
however, were homogeneously covered with thin platelets forming a compact structure. 
The thickness of all PbI2 films, determined from the cross–sectional SEM images, was 
found to be ≈ 100 nm, while the porous films were slightly thicker than the compact ones.  
XRD patterns of the PbI2 films (Figure 4.6) confirmed the trends observed in the SEM 
images. Notably, in all films the intensity of the (00ℓ) reflexes was enhanced, when 
compared to the standard XRD pattern of PbI2 powder.230 This is typical for thin films of 
PbI2 due to the arrangement of platelet shaped crystals on the substrate.220,227 
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Figure 4.5. SEM images of spin–coated PbI2 films dried at different temperatures.From top to bottom: 
70°C, 60°C, 50°C, 40°C, 25°C and 5°C. View of film cross–sections (left) and surfaces (right). 
 
 
Figure 4.6. XRD patterns of spin–coated PbI2 films dried at different temperatures. Full spectrum from 
5–40° 2 (left), and zoom on the region 22–40°2(right). FWHM for (001) peak of each spectrum is 
given, peaks were indexed according to literature.
230
 Peaks labelled with an asterisk (*) correspond to a 
different polytype than the standard 2H. 
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The full width at half maximum (FWHM) of the (001) peak of each XRD pattern was 
determined, as it is related to the crystallite size.231,232 The film dried at 70°C gave the 
largest FWHM value (0.42) in the series, indicating that its crystals are smallest in size. For 
the films dried at 40–60°C FWHM had the same value (0.33), which is in agreement with 
the SEM images, where these films are very similar. The film dried at 25°C showed a lower 
FWHM (0.26), and in the film dried at 5°C it was even remarkably lower (0.13), confirming 
that these films are composed of larger crystallites.233 
For the films dried at 40–70°C, only the (00ℓ) reflexes referring to the 2H–polytype 
of PbI2 were observed.230,234 For the films dried at lower temperatures additional reflexes 
were observed, corresponding to a different polytype of PbI2 – presumably 6R. A 
comparison of the pattern from the film at 5°C with the five most common polytypes of 
PbI2 is shown in Figure 7.2 (page 120). The presence of an additional polytype to 2H in the 
other films (40–70°C) can however not be excluded, as it might be not visible in their 
patterns due to the broadness of the peaks. To our knowledge, the presence of other 
polytypes than 2H in thin films of PbI2 has not been described in the literature so far. 
The change in morphology at different drying temperatures can be explained by 
the complexation of PbI2 with the solvent DMF. The light yellow color of the freshly spin–
coated films indicates that they consist of a PbI2·DMF complex, as described by Wakamiya 
et al.235 The rapid decomposition of this complex was found to start at 70°C, which 
explains the formation of small compact crystallites in films dried at this temperature, due 
to fast crystallization of PbI2. It can be assumed that this complex also decomposes at 
lower temperatures, as also the thin films dried at lower temperatures undergo a color 
change to dark yellow, albeit much slower. Allowing more time for the crystallization, 
larger crystallites are able to grow which consume the precursor film around them and 
form a porous PbI2 film. 
Experiments on different storage conditions of spin–coated PbI2 films showed that 
the films were reasonably stable in air over several days, but converted to Pb(OH)I over a 
course of 8 months. More information is given in the experimental chapter (Figure 7.3 and 
Figure 7.4, page 120). 
In summary, the variation of the drying temperature of spin–coated PbI2·DMF 
precursor films allows for tuning of the morphology of the final PbI2 layers from compact 
to porous. Fan et al. have reported a strategy to fabricate PbI2 films with controlled 
morphology by thermal evaporation by optimizing the choice of substrate and deposition 
rate.227 To our knowledge, control of the morphology of for spin–cast PbI2 films has not 
been reported in the literature so far. The controlled morphology of these films is useful 
not only for the intercalation process to prepare 2D–perovskites (as demonstrated in 
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chapter 4.2.3), but also for fabrication of solar cell absorbers such as CH3NH3PbI3, for 
which PbI2 films are frequently employed as precursors.121,227,228  
4.2.3 Intercalation of Dodecylammonium Cations into PbI2 Films 
In order to form the 2D–perovskite DDAP, PbI2 films were dip–coated in a solution 
of dodecylammonium iodide (DDAI) leading to intercalation of the organic cation into the 
PbI2 sheets. Factors that influence the intercalation process have been described by 
Ahmad et al. to be the thickness of the PbI2 films, as well as the solvent and concentration 
of the organic cation.223 They also found that the dipping time is of importance, as the films 
need to be removed from the solution once they are fully converted, otherwise abrasion 
occurs and the films are damaged.223 In this study, for the conversion of PbI2 into DDAP, a 
PbI2 film thickness of ≈ 100 nm and a DDAI solution in toluene (0.58% w/w) were used, as 
were the optimized conditions reported by Ahmad et al, with the exception that their 
precursor films were prepared by thermal evaporation.223 
It was found that the morphology of the PbI2 precursor film has a great influence 
on the intercalation speed. Figure 4.7 shows the XRD spectra of a porous (dried at 25°C) 
and a compact PbI2 film (dried at 70°C), which have both been subjected to the same dip–
coating conditions.i The porous precursor film converted to a highly crystalline film of 
DDAP with preferential orientation of the crystallites (pattern shows only (00ℓ) reflexes), 
while the compact film did not fully convert to DDAP and gave a random distribution of 
DDAP crystallites (for peak assignment see Figure 4.3). 
 
Figure 4.7. XRD patterns of thin films of DDAP prepared from PbI2 precursor films with different 
morphologies.Left: Intensities as measured, right: Normalized intensities. Porous precursor film (red) 
with reflexes assigned.
172
 Compact precursor film (blue) with unreacted PbI2 (marked with *). 
                                                                    
i Dip–coating temperature and reaction time: 30°C, 60 sec; intercalation under ambient atmosphere. 
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The faster conversion of porous PbI2 films can be explained by the fact that the 
reaction solution can permeate the films more efficiently by entering the pores during the 
dipping process.227 Compact films were also not fully converted at longer reaction times 
(>100 sec), at which they started to be damaged via abrasion by the solvent.  
Another experimental factor which was found to have an important effect on the 
final DDAP film was the temperature during intercalation. Figure 4.8 shows the XRD 
patterns of two DDAP thin films both prepared at 40°C or 50°C, while all other 
experimental conditions were identical.j At 40°C there was still a small amount of 
unreacted PbI2 left. At 50°C the intercalation proceeded faster to fully converted DDAP 
films and films were of higher crystallinity with strong preferential orientation of the 
crystallites. It is important to note that DDAP undergoes a phase transition from phase III 
to phase II at 42°C.172 This means that at 50°C films are formed in phase II followed by 
thermal relaxation to phase III at room temperature, while films prepared at 40°C directly 
form phase II. Billing et al. reported on the thermal hysteresis of 2D–perovskites; the 
relaxation from phase II to phase III upon cooling occurs at a lower temperature than the 
transition from phase III to phase II upon heating.172 In our work, it was found that in thin 
films of DDAP the relaxation to the room temperature phase III occurs very slowly and 
even after two weeks it is not fully completed (peaks marked with * in Figure 4.8). 
Additionally, intercalation of water is observed when the films are stored over several 
days and exposed to ambient air for XRD analysis (peaks marked with † in Figure 4.8). 
Further information on the relaxation from phase III to phase II and the intercalation of 
water is given in the experimental chapter 7.2.3.1 (page 118). The faster conversion and 
subsequent slow relaxation and recrystallization process are likely to be reasons for the 
improved crystallinity and preferential orientation of films prepared at 50°C.  
The film thickness of the optimized DDAP thin films was ≈ 1 m, as determined 
from cross–sectional SEM images (shown in the experimental chapter 7.2.3.1, Figure 7.5, 
page 121) and profilometry. 
                                                                    
j porous PbI2 films (dried at 25°C); reaction time: 45 sec; intercalation under ambient atmosphere. 
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Figure 4.8. XRD patterns of thin films of DDAP prepared at different intercalation temperatures, 
intensities as measured.  40°C (blue line), 50°C (red line) stored for two weeks. * = phase II of DDAP; † = 
hydrate;
k
 ‡ = unreacted PbI2. 
To conclude, it was found that conditions supporting a fast conversion of PbI2 films 
to DDAP, such as porous precursor films and increased temperature of the solution (50°C) 
are beneficial for the formation of films with highly ordered crystallites. When considering 
that PbI2 films already consist of preferentially (00ℓ) oriented crystals (Figure 4.6), a fast 
conversion allows for preservation of this order, while the longer reaction times under 
slow conversion conditions seem to disturb it. Furthermore, DDAP films prepared at 
higher temperatures (> 42°C) are formed in phase II, followed by slow thermal relaxation 
to the room temperature phase III, which leads to the formation of highly crystalline films. 
4.2.4 Optimization of Highly Ordered DDAP Films for FET Devices 
In order to characterize the electrical properties of DDAP layers with highly 
ordered crystallites, thin films on standardized organic field effect transistor (OFET) 
substrates from Fraunhofer236 were prepared using the optimized intercalation conditions 
described above.l These substrates are pre–patterned with Au contacts forming channels 
of varying width (2.5 m, 5.0 m, 10 m, and 20 m) for the fabrication of bottom contact 
transistors. The spin–coated PbI2 precursor films crystallized in a different morphology on 
different areas of the substrate, as can be seen on the SEM images in Figure 4.9. On the SiO2 
surface (top left), the film was porous and identical to the films grown on glass substrates 
under the same conditions (Figure 4.5). On top of the Au contacts of the OFET substrate 
(top right), however, a compact morphology of the PbI2 film was found. This dense 
                                                                    
k additional information on phase II and intercalated H2O is given in chapter 7.2.3.1 (page 120). 
l PbI2 films dried at 25°C; dip–coating at 50°C; under ambient atmosphere. 
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arrangement of crystals seems to grow also over the edges of the Au contacts into the FET 
channels (bottom left: 5m channel, bottom right: 10 m channel).m It is apparent that the 
nature of the substrate influences the growth of the crystals to a large extent, which is in 
agreement with what Fan et al. reported on thermally evaporated PbI2 films.227  
 
Figure 4.9. SEM images of spin–coated PbI2 thin films on Fraunhofer standard OFET substrates, different 
areas of the substrate. Top left: on SiO2 surface; top right: on a gold contact; bottom left: 5 m channel; 
bottom right: 10 m channel. 
In the subsequent intercalation step, the inhomogeneity of the PbI2 precursor films 
on OFET substrates also affected the growth of the final DDAP film. SEM images revealed 
large inhomogeneous DDAP crystallites on the Au contacts, while there were defects and 
holes in the channels and the films were also disrupted on the plain SiO2 surface around 
the channels (Figure 4.10).m  In short, the patterning of Fraunhofer standard OFET 
substrates was found to be unfavorable for the preparation of smooth and continuous 
DDAP films by the intercalation procedure. 
 
Figure 4.10. SEM images of a DDAP film on Fraunhofer standard OFET substrate prepared by 
intercalation procedure. Left: overview of a block of channels shows disruptions of the film. Right: closer 
view shows defects and holes in the channels. 
                                                                    
m XRD patterns of PbI2 and DDAP films on OFET substrates shown here were the same as for the films on glass, 
showing (00ℓ) reflexes only. 
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As an alternative to bottom–contact FET devices, the electrical properties of thin 
semiconducting films could also be characterized in a top–contact geometry.237 The 
advantage of the latter is that films can be fabricated on plain Si–wafers that do not 
contain any pre–patterning, which might adversely affect their morphology. In the 
following, experiments towards optimizing the film thickness and continuity of DDAP 
layers for top–contact FET devices were carried out. 
 
Figure 4.11. SEM images of surfaces (top) and cross–sections (bottom) of a DDAP film on Si–SiO2 wafer 
before (left) and after annealing (right). 
For application in devices films are required to be compact and smooth with 
minimal gaps (grain boundaries) between the crystallites. In order to improve these 
properties annealing experiments of DDAP filmsn  were carried out. Figure 4.11 shows SEM 
images illustrating the morphology differences of a film before (left) and after annealing at 
100°C, followed by slow cooling to room temperature (right). After annealing the film is 
more compact and homogeneous, as compared to before annealing, where well–defined 
crystallites separated by grain boundaries are found. As introduced previously, DDAP 
undergoes two phase transitions, a first one (associated with a conformational change of 
the organic cations) at 42°C, and a second one (associated with a quasi–melting of the 
organic layer) at 70°C.172 The quasi–melting of the organic cations allows for the 
morphology change observed in the annealed films. XRD spectra showed that the desired 
preferential orientation of the crystallites was preserved after annealing (Figure 7.7, page 
123). 
A further improvement for the application of DDAP films in devices was achieved 
by reducing their film thickness. As described previously, PbI2 films with a thickness of ≈ 
                                                                    
n on Si–SiO2 wafer substrates; prepared from porous PbI2 film at a dip–coating temperature of 50°C inside 
nitrogen–filled glovebox. 
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100 nm resulted in a thickness of ≈1000 nm of DDAP film after intercalation. Thus, in 
order to reduce the thickness of DDAP films to ≈100 nm, the thickness of PbI2 precursor 
films had to be adjusted to ≈10 nm, which was achieved straightforwardly by lowering the 
concentration of the spin–coating solution. Figure 4.12 (top left) shows that the thin PbI2 
films still have the desired porous morphology. For the intercalation of DDAI into these 
very thin PbI2 films also the concentration of the dip–coating solution had to be adjusted, 
as the conversion is completed much faster. The very short reaction times (on the order of 
a few seconds) would be difficult to control manually and, as described before, films are 
known to suffer from damage by abrasion when remaining in the dip–coating solution 
after conversion is completed.223 When the dip–coating solution was diluted by a factor of 
10, the conversion rate could be slowed down to achieve homogeneous DDAP films with a 
thickness of ≈100 nm (Figure 4.12). XRD patterns of these films showed intense (00ℓ) 
reflexes indicating a highly ordered arrangement of crystallites (Figure 7.7, page 123). 
 
Figure 4.12. SEM images of surfaces (top) and cross–sections (bottom) of PbI2 films (left) and DDAP films 
(right) with reduced film thickness for device application. 
To summarize, DDAP films were optimized for the fabrication of bottom–contact 
FET devices. The film morphology could be considerably improved by annealing and the 
thickness was reduced to ≈100 nm by adjusting the concentrations of the precursor 
solutions. Fabrication of FET devices is currently ongoing.  
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4.3 NIR–Cyanine Cations in Organic–Inorganic Hybrid 
Perovskites 
4.3.1 Aim 
As described in the introductory chapter 4.1, the incorporation of functional 
organic cations into organic–inorganic lead halide perovskites could be a promising 
strategy for obtaining new materials with unusual photophysical properties. There are 
several examples in the literature reporting on the synergistic interplay of organic 
chromophores with the inorganic framework in a hybrid structure, such as an 
oligothiophene incorporated in a 2D–perovskite173 or a naphthalene diimide dye in a 1D–
structure.184,202 Cyanine dyes are organic chromophores with high extinction coefficients 
and excellent tunability of the absorption wavelength and redox properties, as introduced 
and discussed in detail in chapter 2. Most organic compounds require functionalization 
with a cationic moiety, such as an ammonium group, to make them suitable for forming 
hybrid perovskites in a polyanionic inorganic framework.164,173,174 Such modifications are 
not required for cyanine dyes, as most of them are already cationic in their native form. 
Based on these considerations, this work aimed at the incorporation of NIR–absorbing 
heptamethine dyes as functional organic cations into lead halide perovskite structures. 
4.3.2 Results and Discussion 
From a solution of a heptamethine iodide salt (8–Cl) and PbI2 in DMF thin green 
needles were grown by slow evaporation. X–ray crystal structure determination revealed 
that both precursors co–crystallized into a monoclinic hybrid crystal (Cy7–PbI3) with the 
general formula (C34H40ClN2+)n[PbI3–]n·2n(DMF) in the space group P21/c. The inorganic 
component [PbI3–] forms polyanionic chains of face–sharing octahedra running parallel to 
the c–axis, with the cyanine cations and solvent molecules dispersed between them. The 
asymmetric unit consisting of one cyanine cation [Cy7+], one [PbI3–] fragment and two 
molecules of DMF is depicted in Figure 4.13 (left), together with the unit cell containing 
four asymmetric units (right). 
 
Figure 4.13. Crystal structure of Cy7–PbI3. Left: asymmetric unit; right: unit cell, view along a–axis. 
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The packing of the crystal structure viewed along the c–axis is shown in Figure 4.14 
(top). There are two sets of cyanine cations arranged around each [PbI3–]n chain, with DMF 
molecules dispersed in between. Each set of cyanine cations is stacked into columns in a 
herringbone–like arrangement, at an average distance of 3.9–4.1 Å, indicating weak van 
der Waals interactions between them. The arrangement of one set of cations along a 
[PbI3–]n chain is shown in Figure 4.14 (bottom).  
When analyzing the bond lengths in the polymethine chain of the cation, very little 
to no bond length alternation (BLA) is found with an average C–C bond length of 1.39±0.01 
Å. As can be seen in Figure 7.12 (chapter 7.3.7, page 137), the BLA in Cy7–PbI3 is only 
slightly larger than with the TRISPHAT– counterion, which is known as one of the best 
counterions for reaching the ideal polymethine state (IPS) in the solid phase.64,79 The fact 
that the [PbI3–]n  counterion is weakly coordinating and not disturbing the ideal 
polymethine state allows for the chromophore to preserve its excellent optical properties, 
such as low band gap and high molar extinction coefficient.64,91 Furthermore, the closely 
packed herringbone structure of the dye molecules could allow for the formation of 
spectroscopic J–aggregates.43 
 
Figure 4.14. Crystal structure of Cy7–PbI3 (hydrogen atoms omitted for clarity). Top: Crystal packing 
viewed along the c–axis; bottom: view of one set of cyanine cations arranged along a [PbI3
–
]n chain. 
Cy7–PbI3 does not contain any hydrogen bonding interactions between the organic 
and inorganic component, as has been described for examples of similar organic–inorganic 
hybrid structures in the literature.173,184 The co–crystallization of the precursor 
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compounds into of a hybrid involves the transfer of the iodide ion from the cyanine salt to 
PbI2 to form PbI3– which then arranges in polyanionic chains of face–sharing octahedra 
that are counterbalanced by the cyanine cations. 
This structure is the first example of the incorporation of a strong NIR–absorber 
into an inorganic framework to form an organic–inorganic perovskite. From the 
interaction of both components in such a hybrid interesting properties are predicted to 
arise, which will need to be studied by detailed characterization of this new material in 
future work. A few examples of these interactions and possible energy level scenarios will 
be discussed in the following. 
 
Figure 4.15. Energy level configuration and possible charge transfer processes in a hybrid material 
where the HOMO–LUMO gap of the organic component is smaller than the bandgap of the inorganic 
network. The relevant energy levels include the singlet S0 and S1 states of the chromophore and the VB 
and CB of the inorganic component. The energy level offset is chosen arbitrarily. Adapted with 
permission from Saparov, B.; Mitzi, D. B. Chem. Rev. 2016, 116 (7), 4558–4596.
129
 Copyright (2016) 
American Chemical Society. 
The incorporation of optically active organic cations into organic–inorganic 
perovskites has been first described in 1999, both by Braun et al. reporting on energy 
transfer between the organic and inorganic components of layered perovskites containing 
small aromatic chromophores,180,181 and by Mitzi et al. with a 2D–perovskite containing a 
quaterthiophene (AEQT).173 The latter was substituted with two terminal ammonium 
groups and incorporated into inorganic frameworks with varying halides (X=Cl, Br, I) to 
form (AEQT)PbX4. As the halides alter the bandgap of the framework, different energy 
level alignments between the two components were obtained, which affected the optical 
properties of the hybrid. In all compounds the emission from the excitons in the inorganic 
layer was found to be quenched in the presence of the quaterthiophene. Only with the 
chloride analogue, in which the inorganic layer has a larger bandgap than the 
chromophore, strong photoluminescence from the quaterthiophene was observed. The 
proposed scenario in this system is an electron transfer from the CB (of the lead halide 
network) to the S1 (of the organic chromophore) together with a hole transfer from the VB 
to the S0. The resulting excited state of the chromophore will then decay by emission of a 
photon, as illustrated in Figure 4.15.129,173 The relative position of the energy levels of the 
organic and inorganic components in Cy7–PbI3 is likely to be similar to (AEQT)PbCl4, 
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because on the one hand the HOMO–LUMO gap of the NIR–heptamethine chromophore is 
considerably narrower than the one of AEQT238 (see compound 8–Cl in Figure 2.12, page 
34), and the bandgap of the one–dimensional [PbI3–]n chains is widened compared to the 
2D–sheets (see Figure 4.2, page 57). Based on these considerations, hybrid compound 
Cy7–PbI3 could have similar properties as described in the literature for (AEQT)PbCl4, but 
with strong NIR–emission from the heptamethine chromophore, which could be employed 
in light–emitting devices.204 
More recently, further studies focusing on the properties of low–dimensional 
perovskites with photoactive cations have been reported. Maughan et al. have 
demonstrated a compound composed of tropylium cations and similar chains of face–
sharing lead iodide octahedra as in Cy7–PbI3.167 The tropylium lead iodide hybrid was 
found to exhibit broad spectral absorption and reduced bandgap (2.15 eV) as compared to 
the individual components which was attributed to charge–transfer absorption 
behavior.158,167 In a similar 1D–perovskite system recently reported by Liu et al. the 
bandgap of the hybrid material could be further reduced by employing  a naphthalene 
diimide dye as the organic component.184 This compound exhibited an indirect bandgap of 
1.26 eV and long–lived charge–separated excited states associated with a spatial 
separation of the VB and CB, as revealed by DFT calculations.202 Cy7–PbI3 could have 
similar properties to this material, with a further lowering of the bandgap due to the very 
small HOMO–LUMO gap of the heptamethine dye. Such hybrid compounds with low 
bandgap and panchromatic absorption are promising candidates as absorbers in solar 
cells.158 
In order to evaluate the engagement of the NIR–absorbing heptamethine dye and 
the [PbI3–]n chains in Cy7–PbI3 in synergistic interactions, such as electron / energy 
transfer or charge–transfer absorption processes, further characterization of the material 
is necessary. Ongoing and future work on this subject aims at the fabrication of highly pure 
and crystalline thin films as well as bulk powder of Cy7–PbI3  for optical and 
electrochemical characterization. In order to detect unpaired electrons in possible charge–
separated excited states, ESR and photo–ESR measurements could be useful, while DFT 
calculations could reveal the position of energy levels of the individual components and 
their respective alignment.  
This is the first demonstration of cyanine iodide salts forming a hybrid perovskite 
together with PbI2, which might pave the way for a new class of materials. Cyanines are a 
versatile class of cationic dyes with great structural and functional tunability – and 
depending on the desired interaction with the inorganic network appropriate dyes can be 
chosen. The vast number of available cyanine dyes with sharp absorption peaks all over 
the visible and into the NIR will allow for a great diversity of different hybrid materials. 
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5 CONCLUSIONS AND OUTLOOK 
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5.1 Synthesis of Heptamethine Dyes and Counterion Exchange 
NIR absorbing Heptamethine dyes with different heterocyclic flanking groups 
(indolium, benz[e]indolium and benz[cd]indolium) and different substituents in meso–
position (–Cl, –Ph, –NMe2 and  1,3–dimethylbarbiturate “–barb”) were synthesized in 
straightforward procedures. The influence of the heterocyclic flanking group and the 
meso–substituent on the optical and electrochemical properties was evaluated.  
Indolium and benz[e]indolium heterocycles gave NIR heptamethine dyes with 
absorption maxima in the range of 760–820 nm and very high extinction coefficients 
(270–330 × 103 M–1 cm–1). With the benz[cd]indolium heterocycle heptamethine dyes with 
absorption maxima >1000 nm  and high extinction coefficients (120–220 × 103 M–1 cm–1) 
could be obtained. 
It could be shown that electron donating substituents in meso–position are able to 
raise the redox levels of of heptamethine dyes, making electron transfer from the dyes  to 
different solar cell electron acceptors (such as C60, [60]PCBM or CH3NH3PbI3) possible. The 
electron donating group –NMe2 showed pronounced hypso– and hypochromic shifts, 
indicating loss of the ideal cyanine state and formation of a bis–dipolar state. With the 1,3–
dimethylbarbiturate substituent, which is also an electron donating group, the cyanine 
state was found to remain intact. This is explained by additional delocalization within the 
barbiturate substituent and by sterical reasons avoiding the formation of a central double 
bond. Dyes carrying this group at the meso–position showed the strongest rise in energy of 
the redox levels while maintaining a sharp NIR absorption peak typical for heptamethines 
and are thus very promising candidates for the application as electron donors in solar 
cells. 
Counterion exchange from iodide to PF6– and TRISPHAT– was performed and the 
influence of the counterion on the properties of a heptamethine salt was evaluated. It was 
found that the optical and electrochemical properties in solution were not affected by the 
counterion due to dissociation and solubilization of the ions. In the solid state, however, 
the counterion influences the properties of the heptamethine salt to a great extent. The 
large and bulky counterion –TRISPHAT– was found to reduce dimerization and 
aggregation of the dyes compared to the PF6– counterion, which is reflected in a narrower 
absorption peak in the solid state. Packing tendencies of the PF6– and –TRISPHAT– salts 
were also highlighted by X–ray crystal structure analysis.  
Future work in this field will have to address the charge carrier mobility of cyanine 
dye thin films, which will need to improve substantially in order to achieve high solar cell 
efficiencies. Additionally, the stability of the dyes remains an issue for reliable solar cell 
performances. An interesting starting point to tackle both problems would be the 
evaluation of the influence of the cyanine counterion on the charge carrier mobility and 
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long–term stability of thin films, as it was found to have a great effect also on other solid 
state properties. A new counterion with promising properties could be the polyanionic 
[PbI3–]n–chains in a “cyanine perovskite” (see chapters 4.3 and 5.5). This material is likely 
to form crystalline thin films, which could lead to improved properties as compared to the 
amorphous thin films obtained with other counterions. The presence of inorganic 
conductive channels is likely to improve the charge carrier mobility and the closely packed 
herringbone structure of the chromophores could lead to interesting optical properties, 
such as spectroscopic aggregates. 
5.2 Semi–Transparent Organic Solar Cells Using Cyanine Salts 
Semi–transparent bilayer organic solar cells using two NIR heptamethine dyes with 
different counterions (PF6– and TRISPHAT–) were fabricated and characterized. A notable 
influence of the counterion on the solar cell performance, mainly on the open circuit 
voltage (Voc) was found. By changing the counterion from PF6– to TRISPHAT– an increase in 
Voc from 0.38 V to 0.63 V and an increase in efficiency from 0.9% to 2.2% was achieved 
while maintaining a high transparency of 66% in the visible.79 This is the first time that the 
tremendous influence of the counterion on cyanine solar cell performance has been 
illustrated and in the meantime the topic has inspired also other research groups to 
further investigate on this topic.113  
Additionally, studies on bulk–heterojunction blends of the cyanine salts with 
different counterions (PF6– and TRISPHAT–) and fullerenes showed a strongly increased 
miscibility of the two components. While the PF6– counterion yielded films with fully 
phase–separated bilayer morphology, the TRISPHAT– counterion showed perfect 
miscibility of the cyanine salt and [60]PCBM. Both morphologies were still not optimal for 
solar cell application (best efficiency at 1.1%), but future studies on different counterions 
with aromatic moieties could lead to the desired blend morphology with domain sizes on 
the order of the exciton diffusion length.114 
Apart from organic solar cells, future work will involve the investigation of NIR 
photodetectors based on cyanine dyes. In these, the low charge carrier mobility can be 
compensated by the application of a reverse bias, which facilitates the extraction of 
electrons. Such devices are interesting in surveillance of machinery and quality control, as 
well as NIR scanners for medical applications. 
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5.3 Perovskite Solar Cells with Cyanine HTMs 
Perovskite solar cells with NIR heptamethine dyes as the HTMs were fabricated, 
characterized and compared to the standard HTM Spiro-OMeTAD. It was found that the 
cyanine dyes have hole–transporting properties, maintaining high short circuit currents of 
Jsc = 11–15 mA cm–2 and power conversion efficiencies of  = 6.0–8.0% in PSCs with 
smooth perovskite layers. EQE measurements, however, showed no current generation for 
photons > 800 nm and thus no NIR–cosensitization by the heptamethine dyes. The reasons 
for this could be a mismatch of the electron levels; i.e. that hole injection from the 
perovskite to cyanine is possible, but electron injection from cyanine to the perovskite is 
hindered. Further work on this subject should aim at the synthesis of new NIR dyes with 
higher LUMO levels or alternatively at altering the perovskite/dye interface e.g. by 
employing dipoles at the interface which could be able to shift the respective energy 
levels.80,239  
5.4 Highly Ordered Organic–Inorganic 2D–Perovskite Films 
Layered organic–inorganic hybrid perovskite films of (C12H25NH3)2PbI4 (DDAP) 
were fabricated from solution using a two–step procedure.223 In a first step, PbI2 films 
were spin–coated from DMF solution and an efficient method of controlling their 
morphology from compact to porous by varying the drying temperature of the precursor 
film was developed. The morphology of PbI2 films was shown to have an important 
influence on the subsequent intercalation step. During dip–coating in a solution of the 
organic cation, porous PbI2 precursor films underwent rapid conversion to form DDAP 
films with highly ordered crystallites, which was not possible to achieve with compact 
precursor films. Additional experimental factors for controlling the crystallinity of the final 
DDAP film were found to be the intercalation temperature and atmosphere. At 
temperatures slightly above room temperature (> 42°C), DDAP was found to form in 
phase II, which then slowly converted to room temperature phase III over time. This slow 
crystallization process allowed for a higher crystallinity of the DDAP film. 
In conclusion, careful fine–tuning of the experimental conditions enabled the 
reliable fabrication of 2D–perovskite thin films consisting of highly ordered crystallites. 
XRD spectra of such films showed very intense (00ℓ) reflexes from ℓ=2 up to ℓ=20, 
suggesting that the alternating layers of inorganic sheets and organic cations are perfectly 
arranged in parallel to the substrate plane. This highly ordered structure is very promising 
for the application in FET devices as the inorganic sheets are aligned in the direction of 
charge transport. For the electrical characterization, such films were prepared on pre–
patterned OFET substrates. It was found however that the pre–patterning influenced the 
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crystal growth substantially and device–quality films could not be obtained. As an 
alternative, films were optimized for producing top–contact FET devices. The film 
morphology of DDAP on Si–SiO2 wafers could be considerably improved by annealing and 
by adjusting the concentrations of precursor solutions, very thin films of ≈ 100 nm could 
be achieved.  
The fabrication of top–contact FET devices for the characterization of the electrical 
properties of thin DDAP films with highly ordered inorganic sheets is currently ongoing. 
5.5 A Novel 1D–Perovskite Incorporating NIR–Cyanine 
Cations 
The co–crystallization of a NIR–heptamethine salt and PbI2 into a new organic–
inorganic hybrid compound was demonstrated. The structure of the hybrid was 
determined by X–ray crystal structure analysis, which revealed a monoclinic crystal in the 
space group P21/c, consisting of polyanionic [PbI3–]n chains of face–sharing octahedra 
running parallel to the c–axis. This structure represents the first one–dimensional lead 
halide perovskite incorporating a functional NIR–absorbing dye as the organic cation, 
which is predicted to lead to unusual optical and electrical properties through the 
synergistic interaction between the components.  
Further work on this topic will aim at the systematic characterization and 
evaluation of the properties of this new hybrid material. Investigation by means of ESR 
and fluorescence spectroscopy could reveal a possible energy transfer between the 
components. DFT calculations will additionally be able to predict and model the electronic 
interactions between the inorganic structures and cyanine molecules. 
Furthermore, a great number of cyanine cations with varying bandgaps and redox 
properties is available, which might be suitable for the incorporation into organic–
inorganic hybrid compounds. This first demonstration of a “cyanine perovskite” could lead 
to a new class of materials with interesting photophysical properties for various 
applications such as light–emitting devices and solar cells. 
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7 EXPERIMENTAL PROCEDURES 
AND ANALYTICAL DATA 
7.1 Synthesis and Characterization of Cyanine Dyes 
7.1.1 General 
All chemicals and solvents were purchased from commercial sources (Aldrich, VWR, 
FEW or ABCR) and used as received, unless otherwise stated. Reactions were carried 
out under inert atmosphere (argon) in oven-dried glassware. TLC chromatography was 
performed using Macherey Nagel POLYGRAM® SIL G/UV254 silica plates; the developed 
plates were visualized by exposure to UV-light (254 nm) or by staining with 
anisaldehyde reagent. 1H-NMR spectra were recorded on a Bruker AV-400 spectrometer 
at 400 MHz. Chemical shifts () are reported in ppm (parts per million) with the solvent 
residual signal (2.50 for DMSO-d6, 2.05 for acetone-d6, 7.26 for CDCl3)241 as the 
reference. J coupling constants are given in Hz. Multiplicities are reported as s (singlet), 
d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet) m (multiplet) or td 
(triplet of doublets). 1H–decoupled–13C–NMR spectra were recorded on a Bruker AV-
400 spectrometer at 100 MHz. Chemical shifts () are reported in ppm with the solvent 
residual signal as the reference (39.52 for DMSO-d6, 29.84 for acetone-d6, 77.16 for 
CDCl3)241. Correlations of 1H–NMR and 13C–NMR signals with the compound structure 
were derived from 2D–NMR experiments (HSQC, HMBC and COSY). High resolution 
electrospray ionization mass spectra (HR–ESI–MS) were measured on a Bruker maXis 
UHPLC-HR-MS instrument by the MS–service team of the University of Zurich (UZH); 
masses are reported as m/z (mass to charge ratio). Elemental analysis data were 
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obtained by the micro-laboratory of ETH Zurich. The determination of the elements C, 
H, N and O was carried out with instruments of the company LECO; halogens (Cl, I, F) 
were determined according to the Schöninger method; determination of P was 
achieved in a pressure digestion device and photometrical quantification. IR 
spectroscopy was carried out on a Bruker TENSOR 27 FT-IR spectrometer, relative peak 
intensities are noted as s (strong), m (medium) or w (weak). Melting points (m.p.) and 
decomposition points (d.p.) were obtained from differential scanning calorimetry 
(Differential Scanning Calorimeter DSC 8000 by Perkin Elmer) and thermogravimetric 
analysis (TG 209 F1 by NETZSCH). 
 
7.1.2 Synthesis 
7.1.2.1 Precursors 
Structures of materials S1-S8 are given in Scheme 7.1. Indolium iodide precursors 
S1 and S2 were prepared according to literature procedures.63 Lactam S3 was purchased 
from TCI Chemicals. Chloro-substituted dianil salt S4 was purchased from ORGANICA 
Feinchemie GmbH Wolfen; phenyl–substituted dianil salt S5 was prepared according to 
the literature procedure.62 -TRISPHAT tetrabutylammonium salt S7 and 1,3–
dimethylbarbituric acid S8 were purchased from Sigma-Aldrich. 
 
Scheme 7.1: Precursors S1–S8 used for the synthesis and counterion exchange. 
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7.1.2.2 Benz[cd]indolium Heterocycle 
2-Methyl-1-(1-methylbutyl)-benz[cd]indolium iodide 
(12a) 
 
1st step: 1-(1-Methylbutyl)- (1H)-benz[cd]indol-2-one  
S3 (5.03 g, 29.50 mmol) was dissolved in sulfolane (20 ml) and KI (0.98 g, 5.90 
mmol) and DMAP (0.48 g, 3.98 mmol) were added to the solution. Then a first portion of 
KOH (0.99 g, 17.70 mmol, 0.60 eq) and 2-bromopentane (1.90 ml, 14.75 mmol, 0.50 eq) 
was added. The reaction mixture was stirred at 70-75°C for 5 h, and every hour another 
portion of KOH (0.99 g, 17.70 mmol, 0.60 eq) and 2-bromopentane (1.90 ml, 14.75 mmol, 
0.50 eq) was added (in total five portions, 3.00 eq KOH and 2.50 eq 2-bromopentane). 
After cooling to room temperature the reaction mixture was diluted with MTBE (400 ml) 
and transferred to a separating funnel. The MTBE soln. was washed with water (3x), the 
water phase was extracted with fresh MTBE (3x). The combined ether phases were 
washed consecutively with a solution of 15% NaCl, 15% NaCl containing 4% HCl, 15% 
NaCl containing 1% NaHCO3 and 25% NaCl. The ether phase was dried over Na2SO4 and 
concentrated to give 6.88 g of 1-(1-Methylbutyl)-(1H)-benz[cd]indol-2-one as a yellow 
solid. The product was used for the next step without further purification. 
2nd step: 2-Methyl-1-(1-methylbutyl)-benz[cd]indolium iodide 
Crude 1-(1-methylbutyl)-(1H)-benz[cd]indol-2-one (6.70 g, 28.00 mmol) was 
dissolved in dry THF (20 ml) under argon. A solution of MeMgCl (12 ml, 3.0 M in THF) was 
added drop-wise over a period of 15 minutes. After complete addition, the solution was 
heated to 55°C for 60 min. After cooling to room temperature the reaction mixture was 
poured slowly into 100 ml of ice water containing 12 ml of 32% HCl. The resulting mixture 
was filtered and the clear filtrate was added to a stirred solution of KI (9.30 g, 56.00 
mmol) in water (100 ml). The formed precipitate was filtered, washed with water and 
EtOAc and dried under vacuum to obtain 12a (7.65 g, 20.90 mmol, 71% yield over two 
steps) as a red solid. d. p. < 100°C, max (EtOH) = 333, 358, 374 nm. 
1H-NMR (CDCl3): 9.04 (d, J=7.2, 1H, H-4); 8.63 (d, J=8.0, 1H, H-6); 8.37 (d, J=7.5, 1H, H-10); 
8.29 (d, J=8.2, 1H, H-8); 8.10 (t, J=7.7, 1H, H-5); 7.92 (t, J=7.9, 1H, H-9); 5.26 (sext, J=7.3, 1H, 
H-13); 3.56 (s, 3H, H-1); 2.28-2.16 (m, 2H, H-15); 1.96 (d, J=6.8, 3H, H-14); 1.55-1.46 (m, 
1H, H-16); 1.29-1.20 (m, 1H, H-16); 1.96 (t, J=7.3, 3H, H-17). 13C-NMR (CDCl3): 171.27 (C-
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2), 139.40 (C-6), 137.00 (C-11), 136.41 (C-4), 131.36 (C-8), 131.29 (C-5), 129.75 (C-9), 
129.08 (C-3 or C-7), 129.05 (C-3 or C-7), 123.36 (C-12), 122.78 (C-10), 58.01 (C-13), 38.78 
(C-15), 21.74 (C-14), 20.02 (C-16), 17.54 (C-1), 13.69 (C-17). 
HR-MS (pos. ESI): m/z for [C17H20N+]; calculated 238.15903, found 238.15863. IR (cm-1): 
3377w, 2961w, 2932w, 2863w, 2724w, 1697w, 1637w, 1584w, 1498s, 1478m, 1467m, 
1366m, 1354s, 1341s, 1226m, 1215m, 1187m, 1147m, 1127w, 1053w, 1041m, 999w, 
887w, 867w, 826s, 805w, 782w, 756s, 668w, 632w, 620w. 
2-Methyl-1-octyl-benz[cd]indolium iodide 
(12b) 
 
1st step: 1-Octyl- (1H)-benz[cd]indol-2-one  
S3 (5.1 g, 30.15 mmol, 1.00 eq) was dissolved in sulfolane (20 ml) and KI (0.99 g, 6.02 
mmol, 0.2eq) and DMAP (0.50 g, 4.06 mmol, 0.14 eq) were added to the solution. Then a 
first portion of KOH (1.01 g, 18.06 mmol, 0.60 eq) and 1-bromooctane (2.60 ml, 15.02 
mmol, 0.50 eq) was added. The reaction mixture was stirred at 70-75°C for 3 h, whereas 
every hour another portion of KOH (1.01 g, 18.06 mmol, 0.60 eq) and 1-bromooctane 
(2.60 ml, 15.02 mmol, 0.50 eq) was added. In total, three portions (1.80 eq KOH and 1.50 
eq 1-bromooctane) were added. 
After cooling to room temperature the reaction mixture was diluted with EtOAc (400 ml) 
and transferred to a separating funnel. The EtOAc soln. was washed with water, then the 
water phase was extracted 3x with fresh EtOAc. The combined organic phases were 
washed consecutively with a solution of 15% NaCl, 15% NaCl containing 4% HCl, 15% 
NaCl containing 1% NaHCO3 and finally a solution of 25% NaCl. The organic phase was 
dried over Na2SO4 and concentrated to give 11.17 g of crude intermediate product as a 
yellow solid. The crude product was used for the next step without further purification. 
2nd step: 2-Methyl-1-octyl-benz[cd]indolium iodide 
Crude 1-octyl-(1H)-benz[cd]indol-2-one (9.23 g, 32.80 mmol, 1.00 eq) was 
dissolved in dry THF (30 ml) under argon in a dried 2-neck flask. A solution of MeMgCl 
(13.9 ml, 3.0 M in THF, 1.28 eq) was added drop-wise over a period of 10 minutes. After 
complete addition, the brown solution was heated to 55°C for 60 min. After cooling to 
room temperature the reaction mixture was poured slowly into 150 ml of ice water 
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containing 12.3 ml of 32% HCl. This biphasic mixture was distilled on a rotary evaporator 
to remove THF. The remaining aqueous mixture was filtered and the clear filtrate was 
added to a stirred solution of KI (10.80 g, 65.50 mmol, 2.00 eq) in water (ca. 150 ml). The 
formed precipitate was filtered, washed with water and EtOAc and dried under vacuum to 
obtain 2-Methyl-1-octyl-benz[cd]indolium iodide (4.60 g, 11.29 mmol, 45% yield over two 
steps) as a red solid. m.p. 157°C, d.p. 216°C; max (EtOH) = 332, 359, 373 nm. 
1H-NMR (CDCl3): 8.95 (d, J=7.2, 1H, H-4); 8.59 (d, J=8.0, 1H, H-6); 8.37 (d, J=7.4, 1H, H-10); 
8.26 (d, J=8.2, 1H, H-8); 8.03 (t, J=7.7, 1H, H-5); 7.87 (t, J=7.8, 1H, H-9); 4.83 (t, J=7.5, 2H, H-
13); 3.44 (s, 3H, H-1); 2.00 (m, 2H, H-14); 1.46 (m, 2H, H-15); 1.31 (m, 2H, H-15); 1.25-1.13 
(m, 6H, H-17, H-18, H-19); 0.80 (t, J=6.9, 3H, H-20). 13C-NMR (CDCl3): 170.2 (C-2), 139.2 (C-
6), 138.4 (C-11), 135.9 (C-4), 131.5 (C-8), 131.1 (C-5), 129.8 (C-9), 128.9 (C-3), 128.7 (C-7), 
122.6 (C-12), 121.4 (C-10), 48.7 (C-13), 31.5 (C-18), 30.4 (C-14), 29.0 (C-16), 28.9 (C-17), 
26.9 (C-15), 22.4 (C-19), 16.3 (C-1), 13.9 (C-20). HR-MS (pos. ESI): m/z for [C20H26N+]; 
calculated 280.20598, found 280.20549. IR (cm-1): 3038w, 2989w, 2952w, 2921m, 2850m, 
2726w, 1697w, 1640w, 1629w, 1585w, 1507m, 1498m, 1480w, 1467w, 1456w, 1433m, 
1373m, 1342s, 1221m, 1196w, 1183w, 1145m, 1105w, 1008w, 998w, 952w, 924w, 891w, 
879w, 831m, 825m, 804w, 784w, 768w, 752s, 725w, 672w, 631w, 612w. 
7.1.2.3 Heptamethine Dyes: Knoevenagel Coupling 
For Knoevenagel coupling to obtain the iodide salts of heptamethine dyes 8-Cl, 8-
Ph, 9-Cl and 9-Ph the following general procedure was used. Heterocycle precursor S1 or 
S2 (2.1 eq), dianil precursor S4 or S5 (1.0 eq) and NaOAc (2.3 eq; dried in high vacuum at 
80°C for 12h) were weighed in a 1–neck flask equipped with a reflux condenser under 
argon. EtOH (anhydrous) was added to obtain a solution with the following concentration 
of the dianil precursor: ≈55 mM (for the chloro-dianil S4) or ≈30 mM (for the phenyl-
dianil S5). The solution was heated to reflux (80°C) under argon for 16h, then let cool to 
room temperature and placed in a refridgerator (4°C) for 2 days. After filtration and 
washing with cold EtOH, the iodide salts of the title compounds were obtained as 
crystalline solids.  
Counterion exchange to from I− to PF6− was performed by precipitation in aqueous 
solutions of NaPF6 or KPF6. 
  
Chapter 7: Experimental Procedures and Analytical Data 
 Anna C. Véron – 2017 95 
2-[2-[2-chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium 
iodide (8–Cl) 
Using the general procedure described above, S1 (7.25 g, 23.00 mmol) S4 (3.94 g, 
10.95 mmol) and NaOAc (2.07 g, 25.19 mmol) in 200 mL EtOH gave the iodide salt of 8-Cl 
as green cubic crystals (4.36 g, 62% yield). Counterion exchange to PF6− and analytical data 
of the PF6− salt are found in chapter 7.1.2.4 for Cy7P. 
1-ethyl-2-[2-[3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)
ethylidene]-2-phenyl-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-3H-indolium 
hexafluorophosphate  
(8–Ph) 
 
Using the general procedure described above, S1 (1.52 g, 4.82 mmol) S5 (0.97 g, 
2.42 mmol) and NaOAc (0.40 g, 4.84 mmol) in 70 mL EtOH gave the iodide salt of 8-Ph as a 
crystalline green powder (1.50 g, 89% yield). 
For the counterion exchange to PF6− the iodide salt of 8-Ph (1.50 g, 2.204 mmol, 1 eq) was 
dissolved in MeOH (80 ml) and added drop wise to a solution of KPF6 (16.22 g, 88.142 
mmol, 40 eq) in water (150 ml). The resulting suspension was stirred for 10 min and 
filtered over celite. The precipitate was then treated as described for Cy7P and 
recrystallized from MeOH to give the PF6− salt of 8-Ph as as green crystals (0.97 g, 63%). 
d.p. 290°C. 
1H-NMR (acetone-d6): 7.67 (m, 2H, H-20); 7.63 (m, 1H, H-21); 7.45 (d, J=7.4, 2H, H-
11); 7.34–7.29 (m, 2H, H-14, H-19); 7.32 (d, J=14.1; 2H, H-5); 7.22 (td, J=7.4, 0.9; 2H, H-12); 
6.31 (d, J=14.1, 2H, H-6); 4.23 (q, J=7.2, 4H, H-16); 2.74 (t, J=6.2, 4H, H-3); 2.01 (m, 2H, H-
4); 1.36 (t, J=7.2, 6H, H-17); 1.22 (s, 12H, H-9). Signal for H-5 appears within multiplett 
7.34–7.29. Chem. shift determined from COSY. 13C-NMR (acetone-d6):  129.6 (C-20), 172.4 
(C-7), 163.3 (C-1), 149.1 (C-5), 143.0 (C-15), 141.9 (C-10), 140.0 (C-18), 132.0 (C-2), 130.4 
(C-19), 129.5 (C-13), 129.1 (C-21), 125.6 (C-12), 123.2 (C-11), 111.4 (C-14), 100.4 (C-6),  
49.5 (C-8), 39.7 (C-16), 27.7 (C-9), 25.3 (C-3), 22.1 (C-4), 12.4 (C-17). 
HR-MS (pos. ESI): m/z for [C40H45N2+]; calculated 553.35773, found 553.35759. Elemental 
Analysis: Calculated: [C] 68.75% [H] 6.49% [N] 4.01% [F] 16.31% [P] 4.43%; Found: [C] 
68.81% [H] 6.42% [N] 3.93% [F] 16.21% [P] 4.52%. IR (cm-1): 3052w, 2974w, 2952w, 
2930w, 2871w, 2847w, 1539s, 1511m, 1482m, 1467w, 1452m, 1444m, 1435m, 1398m, 
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1366s, 1337m, 1288w, 1250m, 1229m, 1210m, 1179m, 1167m, 1151s, 1125w, 1099s, 
1074s, 1058s, 1037s, 1018s, 937m, 921m, 870w, 824s, 805w, 776w, 756s, 715m, 703m, 
672m, 631w, 612w. 
2-[2-[2-chloro-3-[2-(3-ethyl-1,3-dihydro-1,1-dimethyl-2H-benz[e]indol-2-ylidene)
ethylidene]-1-cyclohexen-1-yl]ethenyl]-3-ethyl-1,1-dimethyl-1H-benz[e]indolium 
hexafluorophosphate 
 (9–Cl) 
 
Using the general procedure described above, S2 (4.14 g, 11.4 mmol) S4 (1.94 g, 5.4 
mmol) and NaOAc (1.02 g, 12.4 mmol) in 100 mL EtOH gave the iodide salt of 9-Cl as shiny 
orange crystals (1.63 g, 41% yield) after recrystallization from methanol. 
For the counterion exchange to PF6− the iodide salt of 9-Cl (1.00 g, 1.353 mmol, 1 eq) was 
dissolved in MeOH (60 ml) and added drop wise to a solution of NaPF6 (11.36 g, 67.643 
mmol, 50 eq) in water (25 ml). The precipitate was then treated as described for Cy7P and 
recrystallized from MeOH to give the PF6−salt of 9-Cl as as green crystals (0.74 g, 72%). 
d.p. 266°C. 
1H-NMR (DMSO-d6): 8.38 (d, J=14.2, 2H, H-5); 8.30 (d, J=8.5, 2H, H-12); 8.11 (d, J=8.8, 2H, 
H-17); 8.08 (d, J=8.1, 2H, H-15); 7.78 (d, J=8.9, 2H, H-18); 7.67 (dd, J=7.81, 7.68, 2H, H-13); 
7.53 (dd, J=7.64, 7.62, 2H, H-14); 6.37 (d, J=14.3, 2H, H-6); 4.39 (q, J=7.0, 4H, H-20); 2.77 (t, 
J=5.9, 4H, H-3); 1.96 (s, 12H, H-9); 1.90 (quint, J=5.8, 2H, H-4); 1.38 (t, J=7.1, 6H, H-21). 
13C-NMR (DMSO-d6): 173.0 (C-7), 147.4 (C-1), 142.1 (C-5), 139.4 (C-19), 133.7 (C-10), 
131.5 (C-16), 130.5 (C-17), 129.9 (C-15); 127.8 (C-13), 127.5 (C-11), 126.1 (C-2), 125.0 (C-
14), 122.3 (C-12), 111.6 (C-18), 100.9 (C-6), 50.7 (C-8), 39.2 (C-20), 26.9 (C-9), 25.9 (C-3), 
20.4 (C-4), 12.5 (C-21). Signal for C-20 is hidden under solvent peak. Chem. shift 
determined from HSQC. HR-MS (pos. ESI): m/z for [C42H44ClN2+]; calculated 611.31875, 
found 611.31841. HR-MS (neg. ESI): m/z for [F6P-]; calculated 144.96473, found 
144.96500. Elemental Analysis: Calculated: [C] 66.62% [H] 5.86% [N] 3.70%  [F] 15.05% 
[P] 4.09% [Cl] 4.68; Found: [C] 66.62% [H] 5.97% [N] 3.79%  [F] 14.89% [P] 3.89% [Cl] 
4.87. IR (cm-1): 2974w, 2932w, 1624w, 1584w, 1546s, 1520w, 1502m, 1478w, 1466w, 
1431m, 1415m, 1387w, 1352w, 1286w, 1269m, 1231m, 1180m, 1158s, 1124m, 1091s, 
1051m, 1005m, 963m, 926m, 910m, 874m, 854s, 827s, 811s, 785m, 737m, 717m, 684w, 
670m, 633w, 615w. 
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3-ethyl-2-[2-[3-[2-(3-ethyl-1,3-dihydro-1,1-dimethyl-2H-benz[e]indol-2-ylidene)
ethylidene]-2-phenyl-1-cyclohexen-1-yl]ethenyl]-1,1-dimethyl-1H-Benz[e]indolium 
hexafluorophosphate 
(9–Ph) 
 
Using the general procedure described above, S2 (2.00 g, 5.48 mmol) S5 (1.05 g, 2.61 
mmol) and NaOAc (0.49 g, 6.00 mmol) in 80 mL EtOH gave the iodide salt of 9-Ph as green 
crystals (1.58 g, 78% yield). 
For the counterion exchange to PF6− the iodide salt of  9-Ph (0.80 g, 1.024 mmol, 1 eq) was 
dissolved in MeOH (200 ml, heated to 35-40°C) and added drop wise to a solution of KPF6 
(7.54 g, 40.981 mmol, 40 eq) in water (100 ml). The resulting suspension was stirred for 1 
h and filtered over celite. The precipitate was then treated as described for Cy7P and 
recrystallized from MeOH to give the PF6−salt of 9-Ph as as green crystals (0.72 g, 88%). 
d. p. 255°C  
1H-NMR (acetone-d6): 8.10 (d, J=8.6, 2H, H-12); 8.05 (d, J=8.9, 2H, H-17); 8.02 (d, J=8.6, 2H, 
H-15); 7.78–7.69 (m, 3H, H-24, H-25); 7.65 (d, J=8.8, 2H, H-18); 7.63–7.59 (m, 2H, H-13); 
7.50–7.46 (m, 2H, H-14); 7.43 (d, J=14.2, 2H, H-5); 7.40–7.38 (m, 2H, H-23); 6.37 (d, J=14.2, 
2H, H-6); 4.36 (q, J=7.2, 4H, H-20); 2.79–2.78 (m, 4H, H-3); 2.09–2.07 (m, 2H, H-4); 1.55 (s, 
12H, H-9); 1.42 (t, J=7.2, 6H, H-21). 13C-NMR (acetone-d6): 173.7 (C-7), 162.8 (C-1), 148.2 
(C-5), 140.6 (C-19), 140.1 (C-22), 134.2 (C-10), 132.8 (C-16), 132.0 (C-2), 131.4 (C-17), 
130.9 (C-15), 130.4 (C-23), 129.7 (C-24), 129.2 (C-25), 129.0 (C-11), 128.5 (C-13), 125.7 
(C-14), 123.0 (C-12), 111.8 (C-18), 100.0 (C-6), 51.4 (C-8), 40.0 (C-20), 27.3 (C-9), 25.3 (C-
3), 22.2 (C-4), 12.7 (C-21). 
HR-MS (pos. ESI): m/z for [C48H49N2+]; calculated 653.38903, found 653.38903. Elemental 
Analysis: Calculated: [C] 72.17% [H] 6.18% [N] 3.51% [F] 14.27% [P] 3.88%; Found: [C] 
72.29% [H] 6.10% [N] 3.34% [F] 14.35% [P] 3.87%; 
IR (cm-1): 3055w, 2969w, 2932w, 2870w, 2850w, 1624w, 1583w, 1574w, 1538m, 1518m, 
1504m, 1478w, 1439m, 1429m, 1410m, 1386m, 1372m, 1353s, 1277m, 1268w, 1224m, 
1181m, 1159m, 1146m, 1092s, 1049m, 1003m, 963m, 935m, 918m, 874m, 846s, 825s, 
812s, 783m, 762m, 734m, 716m, 708m, 685w, 671m, 612w. 
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2-[2-[2-Chloro-3-[2-[1-(1-methylbutyl)benz[cd]indol-2(1H)-ylidene]ethylidene]-1-
cyclohexen-1-yl]ethenyl]-1-(1-methylbutyl)-benz[cd]indolium hexafluorophosphate  
(10a–Cl) 
 
12a (5.00 g, 13.69 mmol, 2.1 eq), S4 (2.34 g, 6.52 mmol, 1.0 eq) and anhydrous 
sodium acetate (1.23 g, 14.99 mmol, 2.3 eq) were dissolved in 100 ml dry ethanol and 
heated to reflux. After 30 min the reaction mixture was filtered hot (Note: at longer 
reaction times decomposition of the product was found). The precipitate was washed with 
ethanol and dried under vacuum to give the iodide salt of 10a-Cl as a fine black powder 
(3.13 g, 4.25 mmol, 65% yield). m.p. 142°C; d.p. 225°C. 
1H-NMR (CDCl3): 8.82 (d, J=11.7, 2H, H-12); 8.39 (d, J=6.0, 2H, H-8); 8.10 (d, J=7.6, 2H, H-6); 
7.85 (t, J=7.7, 2H, H-7); 7.68 (broad d, J=6.1, 2H, H-4); 7.59 (t, J=7.8, 2H, H-3); 7.46 (broad d, 
J=6.0, 2H, H-2); 6.93 (broad d, J=12.7, 2H, H-13); 4.97 (bs, 2H, H-18); 2.94 (bs, 4H, H-16); 
2.25-2.16 (m, 2H, H-20); 2.11-2.07 (m, 2H, H-17); 2.06-2.00 (m, 2H, H-20); 1.77 (d, J=6.7, 
6H, H-19); 1.51-1.38 (m, 2H, H-21); 1.22-1.18 (m, 2H, H-21); 0.92 (t, J=7.3, 6H, H-22). 13C-
NMR (CDCl3): 142.9 (C-12); 139.5 (C-1); 132.8 (C-14); 131.3 (C-6); 130.3 (C-5); 129.8 (C-
7); 129.3 (C-3); 128.1 (C-8); 125.9 (C-10); 123.2 (C-4); 112.2 (C-2); 108.8 (C-13); 53.6 (C-
18); 37.5 (C-20); 27.4 (C-16); 20.8 (C-17); 20.3 (C-19); 20.1 (C-21); 13.9 (C-22). Signals for 
C-9, C-11, and C-15 could not be determined from 13C{1H}-NMR, HSCQ or HMBC 
experiments. HR-MS (pos. ESI): m/z for [C42H44ClN2+]; calculated 611.31875, found 
611.31843. HR-MS (neg. ESI): m/z for [I-]; calculated 126.90502, found 126.90568. 
Elemental Analysis: Calculated: [C] 68.25% [H] 6.00% [N] 3.79% [Cl] 4.80% [I] 17.17%; 
Found: [C] 67.74% [H] 5.92% [N] 3.63%  [Cl] 4.67% [I] 16.43%; 
For the counterion exchange to PF6− the iodide salt of  10a-Cl (1.00 g, 1.353 mmol, 
1 eq) was dissolved in MeOH (125 ml, heated to 35-40°C) and added drop wise to a 
solution of NaPF6 (11.36 g, 67.643 mmol, 50 eq) in water (50 ml). The resulting 
suspension was stirred for 10 min and filtered over celite. The precipitate was treated as 
described for Cy7P to give the PF6− salt of 10a-Cl as a black solid (0.81 g, 79%). d.p. 232°C. 
NMR data are given above for the iodide salt. The PF6− salt showed broad signals in all 
common solvents (aggregation) and thus no correlations with the structure could be 
obtained. HR-MS (pos. ESI): m/z for [C42H44ClN2+]; calculated 611.31875, found 
611.31901. HR-MS (neg. ESI): m/z for [F6P-]; calculated 144.96363, found 144.96459. 
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Elemental Analysis: Calculated: [C] 66.62% [H] 5.86% [N] 3.70%  [F] 15.05% [P] 4.09% 
[Cl] 4.68%; Found: [C] 66.90% [H] 5.96% [N] 3.65%  [F] 14.87% [P] 3.84% [Cl] 4.53%. 
IR (cm-1): 2955w, 2927w, 2868w, 1628w, 1577w, 1541m, 1501m, 1488m, 1455m, 1432m, 
1406m, 1373m, 1353s, 1278w, 1226m, 1215m, 1191w, 1148m, 1101m, 1051m, 1018m, 
970m, 923w, 886w, 829s, 815s, 784m, 759m, 730m, 646w, 622w, 611w.  
2-[2-[2-chloro-3-[2-(1-octylbenz[cd]indol-2(1H)-ylidene)ethylidene]-1-cyclohexen-
1-yl]ethenyl]-1-octyl-benz[cd]indolium hexafluorophosphate 
(10b–Cl) 
 
To a solution of S4 (2.45 mmol, 0.88 g, 1 eq) in acetic acid anhydride (2.5 ml) NEt3 
(2.5ml) was added slowly, raising the temperature to 40°C; then the solution was stirred 
at this temperature for 10 min. Then a suspension of 12b (4.91 mmol, 2.00 g, 2 eq) in 
acetic acid (10 ml) was added and the temperature was raised to 65°C. After 30 min the 
solution was cooled to room temperature, and then it was added drop wise to water (20 
ml), stirred for 30 min and filtered. The obtained black solid was dissolved in DCM and 
transferred to a separating funnel. It was washed with water (3x), then the combined 
organic layers were dried over Na2SO4 and concentrated to give the iodide salt of 10b-Cl 
as a black solid (1.72 g, 85%). 
The PF6−salt of 10b-Cl was obtained by adding solution of the iodide salt of 10b-Cl 
(2.09 mmol, 1.72 g, 1 eq) in acetone (40 ml) drop wise to a solution of KPF6 (84.05 mmol, 
15.47 g, 40 eq) in H2O (100 ml). The precipitate was purified as described fo Cy7P to give 
the PF6−salt of 10b-Cl as a black solid (1.19 g, 68%). d.p. 128°C. 
1H-NMR (CDCl3): 8.56 (d, J=13.8, 2H, H-5); 8.19 (d, J=7.0, 2H, H-9); 7.94 (d, J=7.8, 2H, H-11); 
7.82 (t, J=7.4, 2H, H-10); 7.48 (d, J=8.2, 2H, H-13); 7.43 (t, J=7.6, 2H, H-14); 7.05 (d, J=7.0, 
2H, H-15); 6.45 (d, J=13.8, 2H, H-6); 4.00 (t, J=6.6, 4H, H-18), 2.79 (bs, 4H, H-3); 2.05 (bs, 
2H, H-4); 1.76 (pent, J=6.8, 4H, H-19); 1.42-1.35 (m, 4H, H-20); 1.32-1.20 (m, 16H, H-21, H-
22, H-23, H-24); 0.86 (t, J=6.8,  6H, H-25). 13C-NMR (CDCl3): 153.5 (C-7), 149.2 (C-1), 142.2 
(C-5), 141.0 (C-16), 132.4 (C-2), 131.3 (C-11), 130.3 (C-10), 130.0 (C-12), 129.7 (C-8), 
129.4 (C-14), 128.0 (C-9), 125.1 (C-17), 123.3 (C-13), 109.8 (C-15), 107.9 (C-6), 44.6 (C-
18), 31.9 (C-23), 29.8 (C-21/22), 29.5 (C-21/22), 29.2 (C-19), 27.1 (C-20), 26.9 (C-3), 22.7 
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(C-24), 21.0 (C-4), 14.2 (C-25). HR-MS (pos. ESI): m/z for [C48H56ClN2+]; calculated 
695.41265, found 695.41171. IR (cm-1): 3069w, 2921m, 2851m, 1633w, 1578w, 1537m, 
1507m, 1490m, 1461m, 1431m, 1383s, 1358s, 1337m, 1272m, 1217s, 1185m, 1111s, 
1084s, 1063s, 1035s, 898m, 830s, 816s, 766m, 758m, 686m, 615w. 
1-Octyl-2-[2-[3-[2-(1-octylbenz[cd]indol-2(1H)-ylidene)ethylidene]-2-phenyl-1-
cyclohexen-1-yl]ethenyl]-benz[cd]indolium hexafluorophosphate 
(10b–Ph) 
 
12b (12.50 mmol, 5.09 g, 2 eq), S5 (6.25 mmol, 2.50 g, 1 eq), and anhydrous NaOAc 
(15 mmol, 1.23 g, 2.4 eq) were dissolved in ethanol (anhydrous, 170 ml). The solution was 
heated to reflux (80°C) for 4h and then cooled in a refrigerator overnight. The formed 
precipitate was collected by filtration and washed with cold ethanol and Et2O to obtain the 
iodide salt of 10b-Ph as a black solid (3.44g, 64%). 
For the counterion exchange to PF6− a solution of the iodide salt of 10b-Ph (2.31 
mmol, 2.00 g, 1 eq) in a mixture of acetone (400 ml) and acetonitrile (200 ml) was added 
drop wise to a solution of KPF6 (92.63 mmol, 17.05 g, 40 eq). The resulting suspension was 
stirred for 10 min and then filtered over celite. The obtained precipitate was dissolved in 
DCM, transferred to a separating funnel and washed with water (3x). The aqueous phase 
was then extracted with DCM (3x). The combined organic layers were dried over Na2SO4 
and filtered over a plug of silica, which was washed with plenty of DCM. The solution was 
concentrated to give a crude product (1.54 g, 76%). For the final purification, the product 
was recrystallized from boiling ethyl acetate to give the pure PF6−salt of 10b-Ph as a black 
solid (0.588 g, 29%).  m.p. 189°C. d.p. 284°C. 
1H-NMR (acetone-d6): 8.12 (d, J=8.0, 2H, H-11); 7.94 (d, J=13.6, 2H, H-5); 7.85 (m, 1H, H-
29); 7.82 (m, 2H, H-28); 7.70 (d, J=8.2, 2H, H-13); 7.62 (m, 2H, H-14); 7.60 (m, 2H, H-27); 
7.57 (m, 2H, H-10); 7.45 (d, J=7.2, 2H, H-15); 7.18 (d, J=7.2, 2H, H-9); 6.85 (d, J=14.0, 2H, H-
6); 4.38 (t, J=7.3, 4H, H-18); 2.93 (t, J=5.3, 4H, H-3); 2.13 (pent, J=6.0, 2H, H-4); 1.95–1.88 
(m, 4H, H-19); 1.52–1.45 (m, 4H, H-20); 1.43–1.36 (m, 4H, H-21); 1.34–1.25 (m, 12H, H-22, 
H-23 and H-24); 0.86 (t, J=6.9, 6H, H-25). 13C-NMR (acetone-d6): 161.9 (C-1), 154.4 (C-7), 
146.9 (C-5), 142.3 (C-16), 139.8 (C-26), 137.5 (C-2), 132.1 (C-27), 131.8 (C-11), 131.1 (C-
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12), 130.7 (C-8), 130.5 (C-14), 130.2 (C-10), 129.6 (C-28), 129.4 (C-29), 127.6 (C-9), 126.0 
(C-17), 123.6 (C-13), 110.6 (C-15), 107.7 (C-6), 44.8 (C-18), 32.5 (C-23), 29.9 (C-21), 29.8 
(C-22), 29.6 (C-19), 27.5 (C-20), 25.6 (C-3), 23.3 (C-24), 22.1 (C-4), 14.4 (C-25). HR-MS 
(pos. ESI): m/z for [C54H61N2+]; calculated 737.48293, found 737.48365. IR (cm-1): 3056w, 
2919w, 2852w, 1632w, 1579w, 1534s, 1506m, 1489m, 1457m, 1440m, 1426m, 1385s, 
1356s, 1334s, 1292m, 1269w, 1250m, 1213s, 1184m, 1109s, 1080s, 1063s, 1021s, 898m, 
858m, 830m, 814m, 796m, 759m, 679m, 617w. 
7.1.2.4 Counterion Exchange79 
2-[2-[2-chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium 
hexafluorophosphate  
(Cy7P) 
 
NaPF6 (15.9 g, 93.89 mmol, 40 eq) was dissolved in H2O (22 ml). The iodide salt of 
8–Cl (1.50 g, 2.35 mmol, 1 eq) was dissolved in the minimal amount of methanol (50 ml) 
and added dropwise to the stirred PF6- solution. The resulting suspension was stirred for 
10 min, then the precipitate was filtered, washed with water and dried on the filter. The 
green solid was dissolved in DCM, transferred to a separating funnel and washed with 
water (3x). The aq. phase was extracted with DCM (3x), then the combined organic layers 
were filtered through a plug of silica, which was washed with DCM. The solvent was 
removed in vacuo to give Cy7P as a crystalline bright green solid (1.45 g, 94% yield). d.p. 
273°C. 
1H-NMR (acetone-d6): 8.46 (d, J=14.2, 2H, H-5); 7.63 (d, J= 7.3, 2H, H-11); 7.49-7.45 (m, 2H, 
H-13); 7.44-7.43 (m, 2H, H-14); 7.33 (td, J=7.2, 1.4, 2H, H-12); 6.44 (d, J=14.2, 2H, H-6); 
4.35 (q, J=7.2, 4H, H-16); 2.77 (t, J=6.2, 4H, H-3); 1.94 (pent, J=6.3, 2H, H-4); 1.77 (s, 12H, H-
9); 1.44 (t, J=7.2, 6H, H-17). 13C-NMR (acetone-d6): 173.4 (C-7), 150.2 (C-1), 145.0 (C-5), 
142.9 (C-15), 142.4 (C-10), 129.6 (C-13), 127.4 (C-2), 126.2 (C-12), 123.4 (C-11), 111.9 (C-
14), 101.9 (C-6), 50.3 (C-8), 40.1 (C-16), 28.0 (C-9), 26.9 (C-3), 21.6 (C-4), 12.5 (C-17). HR-
MS (pos. ESI): m/z for [C34H40ClN2+]; calculated 511.28745, found 511.28751. HR-MS (neg. 
ESI): m/z for [F6P-]; calculated 144.96473, found 144.96486. Elemental Analysis: 
Calculated: [C] 62.15%, [H] 6.14%, [N] 4.26%, [F] 17.35%, [P] 4.71%, [Cl] 5.40%; Found: 
[C] 62.21%, [H] 6.26%, [N] 4.25%, [F] 17.19%, [P] 4.74%, [I] 0.07%. IR (cm-1): 3078w, 
2972w, 2923w, 2873w, 1614w, 1552s, 1509m, 1481w, 1454m, 1434m, 1416s, 1396s, 
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1366s, 1340m, 1314m, 1248w, 1250s, 1210w, 1183m, 1167s, 1152s, 1127m, 1105s, 1063s, 
1034s, 1016m, 993m, 930m, 914m, 877w, 866w, 830s, 803m, 770m, 751m, 712m, 698m, 
672w, 628w. 
2-[2-[2-chloro-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium 
(OC-6-11-)-tris[3,4,5,6-tetrachloro-1,2-benzenediolato(2-)-O1, O2]phosphate(1-) 
(Cy7T) 
 
The iodide salt of 8–Cl (0.34 mmol, 0.22 g, 1 eq) and S7 (0.34 mmol, 0.35 g, 1 eq) 
were weighed in a Schlenk flask and dissolved in dry DCM (35 ml, freshly distilled from 
CaH2). The dark green solution was stirred under argon at room temperature for 17 h 
before it was filtered through a plug of silica to remove excess of the iodide salt. The 
solution was concentrated and the residue was recrystallized from MeOH/EtOAc to give 
Cy7T as a fine dark-green powder (250 mg, 57%). m.p. 182°C. d.p. 258°C. 
1H-NMR (DMSO-d6): 8.26 (d, J=14.2, 2H, H-5); 7.62 (d, J=7.4, 2H, H-11); 7.46-7.43 (m, 2H, 
H-14); 7.43-7.41 (m, 2H, H-13); 7.28 (m, 2H, H-12); 6.32 (d, J=14.2, 2H, H-6); 4.25 (q, J=7.1, 
4H, H-16); 2.71 (t, J=6.0, 4H, H-3); 1.85 (pent, J=6.0, 2H, H-4); 1.66 (s, 12H, H-9); 1.31 (t, 
J=7.1, 6H, H-17). 13C-NMR (DMSO-d6): 171.8 (C-7), 148.0 (C-1), 143.1 (C-5), 141.6 (C-15), 
141.2 (C-10), 141.2 (C-18, JC-P=6.6), 128.6 (C-13), 126.0 (C-2), 125.1 (C-12), 122.5 (C-11), 
122.1 (C-20), 113.2 (C-19, JC-P=19.7), 111.3 (C-14), 101.2 (C-6), 49.0 (C-8), 39.0 (C-16), 
27.4 (C-9), 25.8 (C-3), 20.3 (C-4), 12.2 (C-17). HR-MS (pos. ESI): m/z for [C34H40ClN2+]; 
calculated 511.28745, found 511.28780. HR-MS (neg. ESI): m/z for [C18Cl12O6P-]; 
calculated 762.57003, found 762.56924. Elemental Analysis: Calculated: [C] 48.77%, [H] 
3.15%, [N] 2.19%, [O] 7.50%, [P] 2.42%, [Cl] 35.99%; Found: [C] 48.66%, [H] 3.23%, [N] 
2.31%, [O] 7.74%, [P] 2.36%, [Cl] 36.13%, [I] 0.12 %. IR (cm-1): 2973w, 2927w, 2870w, 
1585w, 1546m, 1505m, 1449m, 1430m, 1392m, 1365m, 1336m, 1315w, 1302w, 1286w, 
1240m, 1208m, 1182m, 1167s, 1148s, 1125m, 1102s, 1087m, 1073s, 1057s, 1033s, 1015s, 
1005s, 987s, 908m, 858w, 820m, 798m, 766m, 741m, 711m, 669m, 645s, 617s. 
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1-Ethyl-2-[3-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)-1-propen-1-yl]-
3,3-dimethyl-3H-indolium hexafluorophosphate  
(Cy3P) 
 
NaPF6 (30.2 g, 188.49 mmol, 50 eq) was dissolved in H2O (60 ml). S6 (1.99 g, 3.77 
mmol, 1 eq) was dissolved in the minimal amount of methanol (50 ml) and added 
dropwise to the stirred PF6 solution. The resulting suspension was stirred for 10 min, then 
the precipitate was filtered, washed with water and dried on the filter. The purple solid 
was dissolved in DCM and passed through a short plug of silica; the solution was 
concentrated and the residue was recrystallized from methanol to give Cy3P as a grey 
solid with metallic shine (1.12 g, 56 %). m.p. 235°C, d.p. 281°C. 
1H–NMR (acetone-d6): 8.59 (t, J=13.5, 1H, H-1); 7.63 (d, J=7.3, 2H, H-7); 7.50-7.46 (m, 2H, 
H-10); 7.46-7.43 (m, 2H, H-9); 7.35-7.31 (m, 2H, H-8); 6.61 (d, J=13.5, 2H, H-2); 4.27 (q, 
J=7.3, 4H, H-12); 1.81 (s, 12H, H-11); 1.43 (t, J=7.3, 6H, H-13). 13C–NMR (acetone-d6): 
175.1 (C-3), 151.8 (C-1), 142.7 (C-6), 142.0 (C-5), 129.7 (C-9), 126.3 (C-8), 123.3 (C-7), 
112.0 (C-10), 103.3 (C-2), 50.2 (C-4), 40.0 (C-12), 28.1 (C-11), 12.6 (C-13). HR–MS (pos. 
ESI): m/z for [C27H33N2+]; calculated 385.26383, found 385.26378. HR–MS (neg. ESI): m/z 
for [F6P-]; calculated 144.96473, found 144.96465. Elemental Analysis: calculated [C] 
61.13 %, [H] 6.27 %, [N] 5.28 %, [F] 21.49 %, [P] 5.84 %; found [C] 61.07 %, [H] 6.32 %, 
[N] 5.30 %, [F] 21.45 %, [P] 5.69 %, [I] 0.01 %. IR (cm-1): 3059w, 2992w, 2971w, 2933w, 
2873w, 2831w, 1618w, 1602w, 1563m, 1555m, 1492m, 1456m, 1423s, 1384m, 1368m, 
1341m, 1278w, 1257m, 1230w, 1195s, 1158m, 1131m, 1111s, 1076s, 1042m, 1020m, 
965w, 945m, 926m, 872w, 825s, 811s, 777m, 754m, 696w, 678m, 648w. 
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1-Ethyl-2-[3-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)-1-propen-1-yl]-
3,3-dimethyl-3H-indolium (OC-6-11-)-tris[3,4,5,6-tetrachloro-1,2-
benzenediolato(2-)-O1, O2]phosphate(1-) 
(Cy3T) 
 
S6 (2.93 mmol, 1.50 g, 1 eq) and S7 (2.93 mmol, 2.91 g, 1 eq) were weighed in a 
Schlenk flask and dissolved in dry DCM (180 ml, freshly distilled from CaH2). The deep 
purple solution was stirred under argon at room temperature for 20 h before it was 
filtered through a plug of silica to remove excess S2. The solution was concentrated and 
the residue was recrystallized from ethanol to give Cy3T as dark-red needles with metallic 
shine (1.69 g, 50%). m.p. 197°C, d.p. 302°C. 
1H–NMR (DMSO-d6): 8.35 (t, J=13.4, 1H, H-1); 7.64 (d, J=7.3, 2H, H-7); 7.48-7.45 (m, 2H, H-
10); 7.45-7.42 (m, 2H, H-9); 7.32-7.28 (m, 2H, H-8); 6.52 (d, J=13.5, 2H, H-2); 4.16 (q, J=7.1, 
4H, H-12); 1.69 (s, 12H, H-11); 1.32 (t, J=7.1, 6H, H-13). 13C–NMR (DMSO-d6): 173.5 (C-3), 
149.9 (C-1), 141.4 (C-6), 141.2 (d, JC-P =6.5, C-14), 140.7 (C-5), 128.7 (C-9), 125.2 (C-8), 
122.6 (C-7), 122.2 (C-16), 113.2 (d, JC-P =19.8, C-15), 111.3 (C-10), 102.3 (C-2), 48.9 (C-4), 
39.0 (C-12), 27.4 (C-11), 12.3 (C-13). HR–MS (pos. ESI): m/z for [C27H33N2+]; calculated 
385.26383, found 385.26355. HR–MS (neg. ESI): m/z for [C18Cl12O6P-]; calculated 
762.57003, found 762.57033. Elemental Analysis: calculated [C] 46.83%, [H] 2.88%, [N] 
2.43%, [O] 8.32%, [P] 2.68%, [Cl] 36.86%; found [C] 46.93%, [H] 2.98%, [N] 2.37%, [O] 
8.39%, [P] 2.68%, [Cl] 36.79%. IR (cm-1): 2974w, 2931w, 2873w, 1617w, 1595w, 1553m, 
1482w, 1449s, 1426s, 1386m, 1368m, 1339m, 1300w, 1277w, 1248m, 1232m, 1194s, 
1173m, 1155m, 1126m, 1111m, 1073m, 1043w, 1019w, 989m, 969m, 922m, 872w, 820s, 
772m, 744m, 718m, 700w, 679m, 662m, 645m, 619m. 
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7.1.2.5 SRN1 Reactions61,242 
2-[2-[2-(dimethylamino)-3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-1-ethyl-3,3-dimethyl-3H-indolium 
hexafluorophosphate 
(8–NMe2) 
 
A solution of dimethylamine (5.6M in EtOH, 16.7 ml, 93.8 mmol, 20 eq) was added 
to a stirred solution of 8–Cl (3.00 g, 4.7 mmol, 1 eq) in DMF (200ml) under argon, leading 
to a color change from green to blue. After stirring the reaction mixture at 70°C for 3 h the 
solvent was evaporated under reduced pressure. The blue oily residue was dissolved in 
DCM and washed with H2O, and the aqueous phase was extracted with DCM (3x). The 
combined organic layers were dried over Na2SO4, concentrated under reduced pressure 
and dried in a vacuum oven (40°C, 15 mbar) for 18 h to give the iodide salt of 8–NMe2 as a 
dark green solid (2.74 g, 90%). 
For the counterion exchange to PF6− the iodide salt of 8–NMe2 (2.00 g, 3.08 mmol, 1 eq) 
was dissolved in acetone (250 ml) and added drop wise to a solution of KPF6 (22.70 g, 
123.5 mmol, 40 eq) in water (450 ml). The resulting suspension was stirred for 20 min 
and filtered. The precipitate was then treated as described for Cy7P to give the PF6−salt of 
8–Ph as as green crystals (1.50 g, 73%). m.p. 226°C, d.p. 258°C. 
1H-NMR (acetone-d6): 7.59 (d, J=13.1, 2H, H-5); 7.43 (d, J=7.3, 2H, H-11); 7.32 (t, J=8.0, 2H, 
H-13); 7.12 (d, J=8.0, 2H, H-14); 7.09 (t, J=7.7, 2H, H-12); 5.93 (d, J=13.1, 2H, H-6); 4.08 (q, 
J=7.1, 4H, H-16); 3.67 (s, 6H, H-18); 2.58 (t, J=6.6, 4H, H-3); 1.83 (quint, J=6.6, 2H, H-4); 
1.64 (s, 12H, H-9); 1.33 (t, J=7.1, 6H, H-17). 13C-NMR (acetone-d6): 141.43 (C-5), 176.88 (C-
1), 167.74 (C-7), 143.74 (C-15), 141.11 (C-10), 129.16 (C-13),  123.44 (C-12), 122.91 (C-
11), 122.77 (C-2), 109.61 (C-14), 94.47 (C-6), 48.32 (C-8), 47.49 (C-18), 38.50 (C-16), 
29.40 (C-9), 25.55 (C-3), 22.41 (C-4), 11.78 (C-17). HR-MS (pos. ESI): m/z for [C36H46N3+]; 
calculated 520.36862, found 520.36861. Elemental Analysis: calculated [C] 64.95%, [H] 
6.96%, [N] 6.31%, [F] 17.12%, [P] 4.65%; found [C] 65.16%, [H] 6.95%, [N] 6.04%, [F] 
17.01%, [P] 4.59%. IR (cm-1): 3054w, 2956w, 2932w, 2870w, 1613w, 1601w, 1550m, 
1540m, 1505m, 1485m, 1465m, 1454m, 1434m, 1363m, 1340m, 1313w, 1272w, 1254w, 
1228w, 1197w, 1158m, 1122m, 1110m, 1090m, 1075m, 1067m, 1043w, 958w, 926w, 
915w, 873w, 830s, 760m, 750m, 713w, 677w, 627w. 
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2-[2-[2-(dimethylamino)-3-[2-(3-ethyl-1,3-dihydro-1,1-dimethyl-2H-benz[e]indol-
2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3-ethyl-1,1-dimethyl-1H-benz[e]
indolium hexafluorophosphate 
(9–NMe2) 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
The iodide salt of 9–NMe2 was synthesized by stirring dimethylamine (5.6M in 
EtOH, 16.7 ml, 93.8 mmol, 20 eq), and 9–Cl (4.00 g, 5.4 mmol, 1 eq) in DMF (270 ml) at 
75°C for 4h (procedure and work-up as described for 8–NMe2) and was obtained as a 
green solid (3.88 g, 96%).  
For the counterion exchange to PF6− the iodide salt of 9–NMe2 (2.00 g, 2.67 mmol, 1 
eq) was dissolved in acetonitrile (300 ml, heated to 40°C) and added drop wise to a 
solution of KPF6 (19.72 g, 107.03 mmol, 40 eq) in water (400 ml). The resulting 
suspension was stirred for 10 min and filtered over celite. The precipitate was then 
treated as described for Cy7P to give the PF6−salt of 9–NMe2 as as green crystals (1.17 g, 
56%). d.p. 271°C. 
1H-NMR (acetone-d6): 8.19 (d, J=8.6, 2H, H-12); 8.01 (m, 2H, H-17); 7.99 (m, 2H, H-15); 
7.76 (d, J=13.3, 2H, H-5); 7.58 (m, 2H, H-13); 7.55 (m, 2H, H-18), 7.42 (m, 2H, H-14); 6.03 
(d, J=13.2, 2H, H-6); 4.24 (q, J=7.1, 4H, H-20); 3.70 (s, 6H, H-22); 2.62 (t, J=6.6, 4H, H-3); 
1.97 (s, 12H, H-9), 1.87 (quint, J=6.6, 2H, H-4); 1.41 (t, J=7.1, 6H, H-21). 13C-NMR (acetone-
d6): 175.9 (C-1), 170.1 (C-7), 141.8 (C-5), 141.3 (C-19), 132.5 (C-10), 132.0 (C-16), 131.1 
(C-17), 130.9 (C-15), 129.4 (C-11), 128.2 (C-13), 124.6 (C-14), 123.0 (C-2), 122.7 (C-12), 
111.3 (C-18), 94.6 (C-6), 50.4 (C-8), 47.5 (C-22), 38.9 (C-20), 28.9 (C-9), 25.5 (C-3), 22.6 (C-
4), 12.2 (C-21). HR-MS (pos. ESI): m/z for [C44H50N3+]; calculated 620.39993, found 
620.40019. IR (cm-1): 2982w, 2935w, 2867w, 1623w, 1586w, 1551m, 1530m, 1511m, 
1467w, 1438m, 1363m, 1352m, 1332m, 1292m, 1245m, 1231m, 1197m, 1163m, 1118s, 
1104s, 1071m, 1037m, 1014m, 966m, 956m, 935m, 914m, 878w, 867w, 832s, 809s, 784m, 
747m, 708m, 671m, 619w. 
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1-ethyl-2-[2-[3-[2-(1-ethyl-1,3-dihydro-3,3-dimethyl-2H-indol-2-ylidene)
ethylidene]-2-(hexahydro-1,3-dimethyl-2,4,6-trioxo-5-pyrimidinyl)-1-cyclohexen-1-
yl]ethenyl]-3,3-dimethyl-3H-Indolium, inner salt 
(8–barb) 
 
The iodide salt of 8–Cl (0.323 g, 0.500 mmol, 1.0 eq) and 1,3-dimethylbarbituric 
acid S8 (0.134 g, 0.850 mmol, 1.7 eq) were dissolved in a mixture of DCM (5 ml) and 
methanol (5 ml). NEt3 (0.12 ml, 0.850 mmol, 1.7 eq) was added to the solution. The 
reaction mixture was heated to 50°C (reflux) for 1 hour and then concentrated under 
reduced pressure. The crude product was purified by column chromatography (silica gel; 
started with DCM as the eluent, then gradually changed to DCM/MeOH 19:1) to give 
8–barb as a blue-green solid (0.240 g, 75%). Rf=0.39 (silica; DCM/MeOH 19:1). m.p. 
251°C, d.p. 277°C. 
1H–NMR (DMSO-d6): 7.96 (d, J=14.2, 2H, H-5); 7.51 (d, J=7.3, 2H, H-11); 7.33 (t, J=7.6, 2H, 
H-13); 7.26 (d, J=7.9, 2H, H-14); 7.13 (t, J=7.4, 2H, H-12); 6.06 (d, J=14.2, 2H, H-6); 4.09 (q, 
J=7.0, 4H, H-16); 3.14 (s, 6H, H-20); 2.56 (broad t, J=5.5, 4H, H-3); 1.83 (broad pent, J=5.5, 
2H, H-4); 1.41 (s, 12H, H-9); 1.24 (t, J= 6.9, 6H, H-17). 13C–NMR (DMSO-d6): 169.5 (C-7), 
164.6 (C-1), 160.3 (C-19), 153.1 (C-21), 146.6 (C-5), 142.0 (C-15), 140.7 (C-10), 131.4 (C-
2), 128.3 (C-13), 123.7 (C-12), 122.4 (C-11), 110.0 (C-14), 98.6 (C-6), 83.1 (C-18), 48.1 (C-
8), 38.2 (C-16), 27.5 (C-9), 26.9 (C-20), 24.4 (C-3), 21.0 (C-4), 11.8 (C-17). HR-MS (pos. 
ESI): m/z for [C40H47N4O3+]; calculated 631.36427, found 631.36367. IR (cm-1): 3050w, 
2965w, 2926w, 2866w, 1670m, 1578m, 1540s, 1505s, 1485m, 1452m, 1428m, 1393m, 
1363s, 1336m, 1315m, 1265m, 1248m, 1229m, 1206m, 1163m, 1151s, 1123m, 1098s, 
1056m, 1034s, 1013s, 941m, 909m, 856m, 803m, 777w, 750m, 710m, 676w, 649w, 630w, 
610w. 
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3-ethyl-2-[2-[3-[2-(3-ethyl-1,3-dihydro-1,1-dimethyl-2H-benz[e]indol-2-ylidene)
ethylidene]-2-(hexahydro-1,3-dimethyl-2,4,6-trioxo-5-pyrimidinyl)-1-cyclohexen-1-
yl]ethenyl]-1,1-dimethyl-1H-benz[e]indolium, inner salt 
(9–barb) 
 
9–barb was purchased from FEW Chemicals recrystallized from MeOH for optical 
and electrochemical analysis and fabrication of thin films for solar cell devices. 
7.1.2.6 Benz[cd]indolium Squaraine Dye243 
2-[[2-Hydroxy-3-[(1-octylbenz[cd]indol-2(1H)-ylidene)methyl]-4-oxo-2-cyclobuten-
1-ylidene]methyl]-1-octyl-Benz[cd]indolium, inner salt 
(SQ–870) 
 
 
Squaric acid (0.28g, 2.455 mmol, 1.0 eq) was dissolved in a mixture of toluene (35 ml) and 
1-butanol (35 ml) at 120°C (reflux). 12b was added as a solid and the reaction mixture was 
kept at 120°C (reflux) for 2h, then it was concentrated under reduced pressure to give a 
black crude product. After recrystallization from EtOH, squaraine dye SQ-870 was 
obtained as a black crystalline powder (1.08 g, 69%). d.p. 116°C. 
1H–NMR (CDCl3): 9.20 (bs, 2H, H-8); 7.94 (d, J=8.0, 2H, H-6); 7.83 (t, J=7.7, 2H, H-7); 7.55 
(d, J=8.2, 2H, H-11); 7.48 (t, J=7.7, 2H, H-12); 7.03 (d, J=7.1, 2H, H-13); 6.37 (bs, 2H, H-3); 
4.17 (bs, 4H, H-15); 1.89 (pent, J=7.5, 4H, H-16); 1.49-1.42 (m, 4H, H-17); 1.39-1.33 (m, 4H, 
H-19); 1.32-1.22 (m, 4H, H-21); 0.87 (t, J=6.8, 6H, H-22). 13C–NMR (CDCl3): 183.3 (C-1); 
176.3 (C-2); 151.1 (C-4); 141.6 (C-14); 131.5 (C-8); 130.4 (C-5); 129.7 (C-7); 129.6 (C-6); 
128.4 (C-12); 125.5 (C-10); 121.6 (C-11); 107.0 (C-13); 92.1 (C-3); 44.1 (C-15); 31.7 (C-
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20); 29.4 (C-19); 29.1 (C-18); 28.9 (C-16); 27.2 (C-17); 22.6 (C-21); 14.1 (C-22). The signal 
for C-9 could not be determined from 13C {1H}-NMR, HSCQ or HMBC experiments.  
HR–MS (pos. ESI): m/z for [C44H49N2O2+]; calculated 637.37886, found 637.37803. 
Elemental Analysis: Calculated: [C] 82.98% [H] 7.60% [N] 4.40% [O] 5.02%; Found: [C] 
82.93% [H] 7.58% [N] 4.17% [O] 5.21%. IR (cm-1): 3069w, 3028w, 2999m, 2948m, 2918m, 
1606m, 1578m, 1484s, 1470s, 1422s, 1390m, 1347m, 1322m, 1316m, 1294m, 1274w, 
1256m, 1241m, 1223s, 1194m, 1172m, 1150m, 1111m, 1078m, 1071m, 1058m, 1028m, 
1002m, 995m, 976m, 902w, 883w, 871w, 837w, 820m, 805w, 775m, 746m, 725m, 683w, 
660w, 633w, 618w. 
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7.1.3 Optical and Electrochemical Analysis 
7.1.3.1 Optical Data in Solution 
UV–Vis–NIR spectra (300-1100 nm) of the compounds in solution were recorded 
on a Varian Cary 50 Scan spectrophotometer in a 1.0 cm square cuvette. For extinction 
coefficient () determination, several stock solutions were prepared (A≈1) and then 
successively diluted to get at least three different concentrations; the value of  was 
calculated by linear least-squares fitting of plots of absorbance vs. concentration; all fits 
gave R2 values of ≥ 0.98. Emission spectra of homoabsorptive solutions (A≈0.2) were 
recorded on a HORIBA Jobin Yvon Fluorolog®–3 spectrofluorometer with a 450–W xenon 
lamp. Excitation wavelength was 525 nm for the trimethine dyes and 780 nm for the 
heptamethine dyes in all solvents. Normalized emission spectra of Cy3P, Cy3T, Cy7P and 
Cy7T in different solvents are shown in Figure 7.1. 
Optical data for all compounds are given in Table 7.1, Table 7.2, and Table 7.3: Absorption 
maxima max (nm); molar extinction coefficient  (/103 L mol-1cm-1); integrated absorption 
coefficient 𝐼𝐴𝐶 = ∫ 𝜀(𝜈)𝑑𝜈  (=frequency /s-1) (/1018); oscillator strength 𝑓 = 4.31 ∗
10−9 ∫ 𝜀(𝜈)𝑑𝜈 (𝜈= wavenumbers/cm-1); emission maximum em (nm); stokes shift s (nm); 
absorption onset at higher wavelength on (nm); optical bandgap Eopt = hc/on. 
 
 
Figure 7.1: Normalized emission spectra of Cy3P, Cy3T, Cy7P and Cy7T in different solvents. 
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Table 7.1: Tabulated optical data of trimethine dyes Cy3P and Cy7T in different solvents. Acetonitrile 
(ACN), ethanol (EtOH), dimethylformamide (DMF), chloroform (CHCl3), chlorobenzene (PhCl), 
cyclohexane (C6H12). Cy7P was not soluble in cylcohexane. 
 solvent max  log() IAC f em s on Eopt 
Cy3P ACN 544 176 5.25 9.78 1.40 560 16 563 2.20 
 EtOH 548 137 5.14 7.60 1.09 563 15 568 2.18 
 DMF 550 141 5.15 8.06 1.16 567 17 571 2.17 
 CHCl3 555 156 5.19 7.75 1.11 567 12 574 2.16 
 PhCl 558 164 5.22 8.11 1.16 571 13 574 2.16 
Cy3T ACN 544 146 5.16 7.96 1.15 559 15 565 2.19 
 EtOH 548 136 5.13 7.50 1.08 564 16 569 2.18 
 DMF 550 124 5.09 6.87 0.99 567 17 573 2.16 
 CHCl3 555 129 5.11 6.65 0.95 570 15 577 2.15 
 PhCl 557 135 5.13 7.01 1.01 574 17 578 2.15 
 C6H12 558 133 5.13 6.34 0.91 572 14 578 2.15 
 
Table 7.2: Tabulated optical data of heptamethine dyes Cy7P and Cy7T in different solvents. See Table 
7.1 for abbreviations. 
 solvent max  log() IAC f em s on Eopt 
Cy7P ACN 777 254 2.40 10.01 1.44 796 19 811 1.53 
 EtOH 781 325 2.51 11.54 1.66 798 17 813 1.53 
 DMF 788 243 2.39 10.10 1.46 806 18 823 1.51 
 CHCl3 788 340 2.53 10.26 1.48 803 15 813 1.53 
 PhCl 795 305 2.48 9.16 1.32 811 16 826 1.50 
Cy7T ACN 777 242 2.38 9.74 1.40 795 18 815 1.52 
 EtOH 781 260 2.42 9.07 1.31 799 18 811 1.53 
 DMF 787 245 2.39 10.26 1.47 813 26 823 1.51 
 CHCl3 789 375 2.57 10.76 1.55 808 19 828 1.50 
 PhCl 796 360 2.56 9.83 1.41 809 13 828 1.50 
 C6H12 775 219 2.34 8.88 1.27 799 24 815 1.52 
 
Table 7.3: Tabulated optical data of heptamethine dyes 8–10 and squaraine dye SQ–870 in ethanol. The 
integrals for IAC and f of 10b-Cl are lower because the peak exceeds the scanning range of the 
instrument. 
 max  log() IAC f on Eopt 
8-Cl 781 325 2.51 11.54 1.66 813 1.53 
8-Ph 761 330 2.52 11.32 1.64 798 1.55 
8-barb 758 278 2.44 9.99 1.45 795 1.56 
8-NMe2 664 88 1.95 10.57 1.53 785 1.58 
9-Cl 821 298 2.47 11.51 1.65 855 1.45 
9-Ph 798 295 2.47 10.88 1.59 832 1.49 
9-barb 792 274 2.44 9.55 1.46 830 1.49 
9-NMe2 698 90 1.95 9.95 1.44 806 1.54 
10b-Cl 1022 116 2.07 4.83 0.69 1070 1.16 
10b-Ph 1003 216 2.33 7.65 1.10 1051 1.18 
SQ870 867 142 2.15 5.36 0.77 907 1.37 
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7.1.3.2 Electrochemical Data 
Cyclic voltammetry (CV) measurements were performed on a PGStat 30 
potentiostat (Autolab) using a three cell electrode system (Au working electrode, Pt 
counter electrode and an Ag / AgCl reference electrode) in a 0.1M solution of TBACl in 
DMF. The concentration of the dyes was 0.2–0.5 mM, the scan rate was 100 mV/s. For the 
trimethine dyes the oxidation was not reversible in DMF, and could not be used for 
calculations of oxidation potentials. For this reason, the cyclic voltammetry measurements 
for Cy3T and Cy3P have been also carried out in 2,2,2–trifluoroethanol (TFE) using a 
glassy carbon working electrode where reversible oxidation peaks could be found. When 
estimating the position of the anodic peak potential Epa(ox) of the irreversible oxidation 
peak in DMF, the same value for the oxidation potential E0ox was obtained as from the 
measurement in TFE (after referencing to NHE). Heptamethine dyes 8–NMe2 and 9–NMe2 
also gave non-symmetric oxidation peaks in DMF. Based on the findings from the 
trimethine dyes the anodic peak potential Epa(ox) was estimated from the peak shape in 
order to calculate E0ox for these dyes. All other heptamethine dyes gave symmetric 
oxidation and reduction peaks. All potentials were referenced to NHE by adopting a 
potential of +0.72 V vs. NHE for Fc/Fc+ in DMF or +0.69 V vs. NHE for Fc/Fc+ in TFE and 
the energy level of NHE is situated 4.5 eV below the zero vacuum energy level. Cyclic 
voltammograms of all dyes are shown hereafter. 
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7.2 Preparation and Analysis of Solar Cells and Thin Films  
7.2.1 Organic Solar Cells and Bulk Heterojunction Blend Films 
7.2.1.1 Semitransparent Organic Solar Cells79 
These are the experimental details to chapter 3.1.3.  
Bilayer solar cells were fabricated with Cy7P or Cy7T as electron donors and C60 as 
the electron acceptor. Cyanine layers were spin coated from chlorobenzene solutions 
inside a nitrogen–filled glove box (<1 ppm H2O, <6 ppm O2). MoO3 (Sigma Aldrich), C60 
(SES Research, 99.9%) and Alq3 (Sigma Aldrich, 99.995%) were deposited by thermal 
sublimation under vacuum at a pressure of 3 x 10–6 mbar. Ag (Cerac, 99.99%) was 
evaporated through a shadow mask to define eight solar cells on each substrate with 
active areas of 3.1 or 7.1 mm2. For non-transparent cells, the Ag cathode thickness was 80 
nm, for semitransparent cells, the electron-collecting electrode was composed of Ag (12 
nm)/Alq3 (60 nm). 
Film thicknesses were determined by profilometry (Ambios XP1). Absorption 
spectra of thin films were measured on a Varian Cary 50 Scan spectrophotometer using a 
glass substrate as the baseline. For characterization, solar cells were mounted under N2 
into an air–tight homemade transfer box and measured outside the glove box. Current-
voltage (J–V) characteristics were measured using 100 mW cm–2 simulated AM1.5G solar 
irradiation on a calibrated solar simulator from Spectra Nova. Solar cells were 
characterized via illumination through the anode side (glass/ITO) only. Short–circuit 
currents (Jsc) in Table 7.4 are indicated from the solar simulator measurements. Jsc values 
were also measured directly outside under natural sunlight irradiation (96 mW cm–2, 
measured with a radiant power meter from LOT Oriel using a calibrated thermopile 
probe). Jsc values from the two measurements agreed within 10%. 
For solar cell fabrication, the C60 film thickness was fixed at 40 nm. This value 
corresponds to the exciton diffusion length of C60 (40 ± 5 nm).97 The MoO3 and Alq3 buffer 
layer thicknesses were 5 nm and 2 nm, respectively.56,244 The Ag (12 nm) / Alq3-capping 
(60 nm) thick semitransparent electrode was chosen based on optical modeling results. 
The cyanine layer thicknesses were varied between 10 nm and 30 nm, and best solar cell 
performances were obtained for dye thicknesses of ~20 nm. 
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Table 7.4: Experimental average visible transmittances (AVT, 450–670 nm) and performance data of 
cyanine (20 nm)/C60 (40 nm) bilayer solar cells. Mean values originate from # different devices with eight 
cells per device. The illumination intensity was 100 mW cm
–2
.  
device structure  Voc Jsc FF  AVT 
  / V / mA cm
-2
 % % % 
ITO/MoO3(5 nm)/Cy7T/C60/Alq3(2 nm)/Ag (80 nm) #6 0.63 7.1 52.3 2.3 - 
 best 0.61 7.5 61.4 2.8 - 
ITO/MoO3 (5 nm)/ Cy7T /C60/Alq3(2 nm)/Ag(12 nm)/Alq3(60 nm) #3 0.63 4.9 54.4 1.7 66 
 best 0.63 6.4 54.0 2.2 66 
ITO/MoO3(5 nm)/ Cy7P/C60/Alq3(2 nm)/Ag (80 nm) #3 0.38 5.7 64.3 1.4 - 
 best 0.39 6.8 69.1 1.8 - 
ITO/MoO3 (5 nm)/ Cy7P /C60/Alq3(2 nm)/Ag(12 nm)/Alq3(60 nm) #3 0.37 3.6 59.0 0.8 62 
 best 0.38 3.6 64.8 0.9 62 
7.2.2 Perovskite Solar Cells 
General 
Solvents were purchased from commercial sources in p.a. grade and used as 
received. Fluorine doped tin oxide (FTO) glass substrates (TCO22-7 from Solaronix, 7 Ω 
square−1, 2.5 cm × 2.5 cm) were patterned by etching with Zn powder and HCl (conc.). 
Then they were cleaned by sonication in a 20% solution of Hellmanex® (5 min), followed 
by rinsing in millipore water (3 x 5 min), acetone p. a. (5 min), and 2-propanol p. a.  (5 
min) and a UV–ozone treatment (5 min). Methylammonium iodide was prepared 
according to a literature procedure219,245 and carefully recrystallized from EtOH/Et2O to 
remove residues of iodine. 
Sequential Deposition (chapter 3.2.2.2.1)121 
For the formation of a compact TiO2 blocking layer, TiCl4 (25 ml) was hydrolyzed in 
water (90 ml) at 0°C and the resulting solution was spin–coated at 5000 rpm for 30 sec on 
cleaned FTO glass substrates and then heated at 140°C for 10 min. A mesoporous TiO2 
layer was subsequently applied by spin coating a paste of TiO2 nanoparticles (0.22% w/w 
Ti-Nanoxide T/SP from Solaronix diluted in ethanol) at 5000 rpm for 30 s followed by 
gradual heating to 380°C for 10 min and then to 500°C for 30 min in air. CH3NH3PbI3 was 
deposited on these substrate according to the sequential method described by Burschka et 
al.121 PbI2 (0.460 g) was dissolved in DMF (1.000 ml) by stirring at 80°C and the hot 
solution was spin–coated under ambient atmosphere at 6000 rpm (3000 rpm s-1) for 90 
sec, followed by heating at 80°C for 5 min. This spin–coating process was repeated a 
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second time on the same substrate to obtain a dark yellow PbI2 film. Under ambient 
atmosphere, a solution of methylammonium iodide (24 mg) in 2-propanol (3 ml) was 
spread on the PbI2 film (200 l per substrate), and after a wait time of 30 sec the substrate 
was spun at 4000 rpm for 30 sec. For the cyanine HTM, a solution of 9–Cl (8 mg) in 
chlorobenzene (1.000 ml) was spin–coated on the perovskite layer at 4000 rpm for 30 sec 
in a nitrogen–filled glovebox. For the reference solar cells using Spiro–OMeTAD as the 
HTM, N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-9,9'-Spirobi[9H-fluorene]-2,2',7,
7'-tetramine (Sigma–Aldrich, 72.3 mg) was dissolved in chlorobenzene (1.000 ml) and 
mixed with the following additives: cobalt complex FK102 (Dyesol, 29 l of a stock solution 
of 300 mg/ml in dry acetonitrile); lithium bis(trifluoromethylsulfonyl)imide LiTFSI 
(Sigma–Aldrich, 18 l of a stock solution of 520 mg/ml in dry acetonitrile); 4-tert-
butylpyridine (Sigma–Aldrich, 29 l). The resulting solution was spin–coated on the 
perovskite layer at 4000 rpm for 30 sec in a nitrogen–filled glovebox. The solar cells were 
finished by thermal evaporation of Au electrodes (70 nm) at < 5 × 10−6 mbar through a 
shadow mask. 
Antisolvent Deposition (chapter 3.2.2.2.2)134 
FTO substrate size was ≈ 1.2 cm × 2.5 cm. A TiO2 compact layer (30 nm) was 
deposited on cleaned FTO substrates via spray pyrolysis at 450 °C from a precursor 
solution of titanium diisopropoxide bis(acetylacetonate) in anhydrous ethanol. A 
mesoporous TiO2 layer was deposited by spin–coating for 20 s at 4000 rpm (2000 rpm s-1) 
using 30 nm particle paste (Dyesol 30 NR-D) diluted in ethanol to achieve a 150–200 nm 
thick layer. After spin–coating, the substrates sintered at 450 °C for 30 min under dry air 
flow. After cooling to 150 °C, the substrates were transferred into a dry box for the 
deposition of the perovskite films. The perovskite films were deposited from a precursor 
solution containing FAI (1 M), PbI2 (1.1 M), MABr (0.2 M) and PbBr2 (0.2 M) in anhydrous 
DMF/DMSO 4:1 (v:v). The precursor solution was spin–coated in a two–step program at 
1000 and 6000 rpm. for 10 and 30 s, respectively. During the second step, 100 l of 
chlorobenzene was poured on the spinning substrate 10 s before the end of the program. 
The substrates were then annealed at 100 °C for 1 h in a dry air–filled glovebox. 
For the cyanine HTMs, a solution of 9–Cl or 9–barb in chlorobenzene (20 mM) was 
spin–coated on the perovskite layer in a nitrogen–filled glovebox at 4000 rpm for 20 sec. 
For the cyanine HTMs with additives the same relative additive concentration as described 
below for Spiro–OMeTAD was used. For the reference solar cells a Spiro–OMeTAD as the 
HTM, solution of N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-9,9'-Spirobi[9H-
fluorene]-2,2',7,7'-tetramine (Merck) in chlorobenzene (70 mM), containing the additives 
listed hereafter, was spin–coated on the perovskite layer in a nitrogen–filled glovebox at 
4000 rpm for 20 sec. Additives in molpercent relative to the HTM Spiro–OMeTAD or 
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cyanine: lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, Sigma–Aldrich) 0.5%; cobalt 
complex FK209 (Dyenamo) 0.03%; 4-tert-butylpyridine (Sigma–Aldrich) 3.3%. The solar 
cells were finished by thermal evaporation of Au electrodes (70–80 nm) under high 
vacuum. 
Solar Cell Characterization 
Solar cells were characterized in ambient atmosphere. Current–voltage (J–V) 
characteristics were measured by a Keithley 2400 source/measure unit under simulated 
AM1.5G solar irradiation of 100 mW cm−2 from a calibrated solar simulator (Spectra-
Nova). Cells were masked with a metal aperture of 0.138 cm2 to define the active area. 
Current–voltage curves were recorded at a scanning rate of 0.1 V s−1. The external 
quantum efficiency (EQE) of the devices was measured with a lock–in amplifier. The 
probing beam was generated by a chopped white light source (900 W, halogen lamp, 260 
Hz) and a dual grating monochromator. The beam size was adjusted to ensure that the 
illuminated area was fully inside the cell area. A certified single crystalline silicon solar cell 
was used as the reference cell. The steady–state efficiency as a function of time was 
recorded using a maximum power point tracker, which adjusts the applied voltage in 
order to reach the maximum power point (perturb and observe algorithm). The starting 
voltage was set to be 0.1 V. Steady–state efficiencies were in agreement with the 
efficiencies obtained from the reverse scans (forward bias to short circuit current) of the 
current–voltage measurement. 
7.2.3 Low–Dimensional Organic–Inorganic Hybrid Materials 
7.2.3.1 2D–Perovskite Thin Films (C12H25NH3)2PbI4 
General 
PbI2 (99.99%, for perovskite precursor) was purchased from TCI Chemicals, DMF 
(dried, max. 0.003% H₂O, SeccoSolv®) and toluene (dried, max. 0.005% H₂O, SeccoSolv®) 
were purchased from Merck Millipore and used as received. Dodecylammonium iodide 
(DDAI) was prepared from dodecylamine and hydriodic acid by an adapted literature 
procedure219,245 and purified by careful recrystallization from EtOH/Et2O to obtain a 
colorless solid (yellow color indicates contamination with iodine). Elemental Analysis: 
Calculated: [C] 46.01% [H] 9.01% [N] 4.47% [I] 40.51%; Found: [C] 46.28% [H] 9.17% [N] 
4.40% [I] 40.40. Glass substrates were Menzel microscope slides purchased from Thermo 
Scientific; Si–SiO2 wafer substrates (100 nm thermally grown SiO2 layer) were obtained 
from the Center of MicroNanoTechnology (CMI) at école polytechnique fédérale de Lausanne 
(EPFL); OFET substrates were standard substrates with evaporated Au contacts on Si–SiO2 
(230 nm SiO2) wafers from Fraunhofer IPMS.236 
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Scanning electron microscopy of cross–sections and surfaces of the samples were 
performed on a Hitachi S-4800 field emission scanning electron microscope using an 
acceleration voltage of 7 kV and an emission current of 10 mA. To avoid charging effects 
the samples were coated with 5 nm of Pt by sputtering prior to the analysis. 
X–ray diffraction (XRD) patterns were obtained using a–2 scan on a PANalytical X’Pert 
PRO instrument (Cu–K1 radiation, =1.5406 Å) from 3–40° (2) with a step interval of 
0.017°. XRD scans were performed under ambient atmosphere and thus films were 
exposed to air during the measurement (for 2h). 
 
Spin–Coated PbI2 films 
For 29% (w/w) solution, PbI2 (1.552 g) was suspended in DMF (2.00 ml) and stirred at 
70°C overnight to obtain a clear solution, which was filtered (pore size 5 m) before use. 
Glass substrates (2.5 cm × 2.5 cm) or Fraunhofer OFET substrates (1.5 × 1.5 cm) were 
cleaned by sonicating in a 20% solution of Hellmanex® (5 min), followed by rinsing in 
millipore water (3 x 5 min), acetone p. a. (5 min) and 2-propanol p. a. (5 min) and UV–
ozone treatment (5 min). PbI2 solution (at 70°C) was spin–coated on the clean glass slides 
at 6000 rpm (3000 rpm s-1) for 50 sec at ambient atmosphere. Immediately after the spin–
coating program was finished, the yellow–white films were transferred to a hotplate at the 
indicated temperature (40°C, 50°C, 60°C or 70°C) and heated for 5 min. Alternatively, the 
films were placed in a vial with a glass joint lid and placed in a refrigerator (5°C) for 1h, or 
kept at ambient atmosphere (25°C). After drying, a color change from yellow–white to 
dark yellow was observed; films dried at lower temperatures were opaque, while the 
heated films were transparent. Film thickness was ≈100 nm (determined by SEM). Figure 
7.2 shows the XRD spectrum of a film dried at 5°C compared to the five most common 
polytypes of PbI2. Polytype 6R shows the best match to the peaks that are not consistent 
with the main polytype 2H. Note: This procedure was found to be reproducible at ambient 
atmosphere only when the relative humidity (RH) was < 40%. At higher humidity, 
inconsistent PbI2 films where obtained, with large particles or inhomogeneous 
transparency / opacity. When the spin–coating of PbI2 films like described above was 
carried out inside a nitrogen–filled glovebox, the film formation was reproducible. 
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Figure 7.2: XRD spectrum of spin–coated PbI2 film dried at 5°C compared to calculated powder 
diffraction patterns of the five most common polytypes of PbI2.
230,234
 
Stability of PbI2 films in air 
It was found that PbI2 films changed color from yellow to white when stored for a 
prolonged time in ambient air. Figure 7.3 shows the XRD spectra of PbI2 films stored at 
different conditions. After 8 months in ambient air (varying RH from 30–60%), full 
conversion of PbI2 to Pb(OH)I was observed. After three days in ambient air (RH ≈ 30–
40%) or inside a nitrogen–filled glovebox, PbI2 films were still intact, after three days in a 
chamber filled with H2O vapor, partial conversion to Pb(OH)I had occurred (peaks labelled 
with asterisks). Even though the conversion was only partial, and most of the film still was 
still PbI2 according to XRD, a drastic change in morphology was observed when 
characterizing the surfaces of the films using SEM (Figure 7.4). As a conclusion, PbI2 
precursor films were always stored inside a nitrogen–filled glovebox before intercalation. 
 
Figure 7.3. XRD patterns of spin–coated PbI2 films stored under different conditions. From top to 
bottom: Eight months in ambient air (red), the film is fully converted to Pb(OH)I. Indexed according to 
reference ICSD–192169;
246
 three days in a chamber filled with H2O vapor (orange), partial conversion to 
Pb(OH)I (peaks labelled with asterisk); three days at ambient air (green); three days inside nitrogen–
filled glovebox (GB) (blue). 
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Figure 7.4. SEM images of PbI2 films stored for three days under different conditions. From left to right: 
inside nitrogen–filled glovebox, at ambient air, in a chamber filled with H2O vapor. 
Intercalation of DDAI into PbI2 to form DDAP thin films 
For a 0.58% (w/w) solution, dodecyl ammonium iodide (1.009 g) was dissolved in 
toluene (200 ml). For dip–coating, the solution was kept at a temperature of 30°C, 40°C, or 
50°C, as indicated. PbI2 films were freshly prepared or stored inside a nitrogen–filled 
glovebox for a maximum of two days. Before dip–coating, the films were heated on a 
hotplate to the same temperature as the solution. Films were held with tweezers and 
dipped into the solution for exactly the indicated amount of time (30–120 sec), and then 
dipped into pure toluene (which was also kept at the same temperature) for 2–3 sec. The 
DDAP films were then dried on a hotplate at 30°C, 40°C, or 50°C. The temperature of the 
dip–coating solution and washing solvent were strictly monitored to be at the indicated 
temperature ± 0.5°C during the process. The dip–coating time had to be chosen carefully 
according to the temperature. Porous PbI2 films (dried at 25°C, see preparation of PbI2 
films) were fully converted after ≈ 60 sec (30°C), ≈ 50 sec (40°C) or ≈ 45 sec (50°C). At 
longer reaction times films were damaged due to abrasion by the solvent.  
Figure 7.5 shows SEM images of the surface (top) and cross–section (bottom) of a 
DDAP film prepared using the optimized conditions (from a porous precursor film at a 
dip–coating temperature of 50°C). SEM images were recorded after the film was stored 
inside a nitrogen–filled glovebox for three weeks. The thickness was determined to be ≈ 1 
m according to cross–sectional SEM and profilometry. 
 
Figure 7.5. SEM images of surface (top) and cross–section (bottom) of a DDAP film prepared using 
optimized intercalation conditions on glass substrate. 
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Note on intercalation of water: Preliminary intercalation experiments on glass 
slides and Fraunhofer OFET substrates (results in Figure 4.7, Figure 4.8 and Figure 4.9) 
were performed in ambient atmosphere. Depending on the RH at a given day, films were 
found to show an additional set of peaks (marked with † in Figure 7.6), with the basal peak 
at 3.38° 2 (d = 26.08 Å). The basal peak of phase II of DDAP (002) is at 3.66° 2 (d = 24.15 
Å) and corresponds to the distance between the [PbI4–] sheets in the crystal structure. In 
the new set of peaks, that appears after prolonged exposure to ambient atmosphere, the 
spacing of the sheets is increased by ≈ 2 Å. This corresponds approximately to the size of a 
water molecule,247 and thus it is likely that water from the atmosphere can intercalate into 
the structure to form a hydrate. 
 
For device quality films (results in Figure 4.11 and Figure 4.12), intercalation was 
performed inside a nitrogen–filled glovebox to avoid formation of the hydrate.  
 
Figure 7.6. XRD patterns of a DDAP film prepared at 50°C after different storage times, intensities as 
measured. Peaks are indexed according to Billing et al.
172
 Phase II (orange, marked with *), phase III 
(purple, marked with °), hydrate (light blue, marked with †). 
To study the relaxation from phase II to phase III in the films prepared at 50°C, 
they were stored in a nitrogen–filled glovebox and repeatedly analyzed by XRD at ambient 
atmosphere (Figure 7.6). After one day, a large amount of phase II (marked with *) is 
present. After two weeks, there is still a small amount of phase II, but most of the crystals 
have relaxed to phase III (marked with °), and the overall intensity of the reflexes is 
increased. For a full conversion to phase III, films have to be stored for more than two 
weeks. Over time the peaks associated with the hydrate (marked with †) were found to 
increase in intensity, indicating that water from the atmosphere intercalated into the films 
(during XRD scans the films are exposed to air). 
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Optimization of DDAP Films for FET Devices 
Annealed DDAP films were prepared on Si–SiO2 wafer substrates (2.5 × 2.5 cm) 
inside a nitrogen–filled glovebox. The procedure and concentrations of the solutions for 
both steps were the same as described above for films on glass substrates. PbI2 films were 
dried at room temperature and the dip–coating solution was at 50°C. Before annealing, the 
substrate was broken into two halves; one was heated to 100°C inside the glovebox and 
annealed at this temperature for 30 min and then let cool to room temperature slowly 
over the course of 1h. The other half of the substrate was not annealed and used for 
comparison of the morphology before and after annealing. XRD spectra illustrating the 
(00ℓ) preferential orientation of crystallites are given in Figure 7.7 (left). Spectra were 
measured 4 days after annealing and films are not fully relaxed to phase III yet. 
Very thin PbI2 (≈ 10 nm) and DDAP films (≈ 100 nm) were prepared on Si–SiO2 
wafer substrates (1.5 × 1.5 cm) inside a nitrogen–filled glovebox, according to the same 
procedure as described above for films on the glass substrates. However, the 
concentrations of the solutions were adjusted as follows. The PbI2 spin–coating solution 
(29% w/w in DMF) was diluted 1:9 with DMF; the dip–coating solution of DDAI (0.58% 
w/w in toluene) was diluted 1:9 with toluene. PbI2 films were dried at room temperature 
and the dip–coating solution was at 50°C. Dip–coating time was varied and intercalation 
was found to be completed after 30 sec. XRD spectra illustrating the (00ℓ) preferential 
orientation of crystallites are given in Figure 7.7 (right). Spectra were measured 4 days 
after preparation and films are not fully relaxed to phase III yet. 
 
Figure 7.7. XRD spectra of DDAP film before and after annealing (left) and PbI2 and DDAP films with 
reduced thickness (right). Phase II and III are labelled as in Figure 7.6. Peak labelled with † (light blue) 
corresponds to Si–substrate. 
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7.3 X–ray Crystal Structures 
7.3.1 Crystal growth 
Single crystals of Cy7I, Cy7P and Cy7T suitable for X–ray crystal structure 
determination were grown by vapor diffusion of Et2O into a saturated solution of the 
respective cyanine salt in DCM. 
A very thin needle of the hybrid compound Cy7–PbI3 was obtained by slow 
evaporation of a solution containing lead iodide (67 mM) and cyanine dye iodide salt Cy7I 
(8–Cl) (134 mM) in DMF over ≈ 2 weeks. 
Crystal structure determination was carried out by the X–ray Crystallography 
Facility of the University of Zurich (Anthony Linden). 
7.3.2 Definition of Terms 
Function minimized:   w(Fo2 – Fc2)2 
where w = [ 2(Fo2) + (aP)2 + bP]-1 and P = (Fo2 + 2Fc2) / 3 
 Fo2 = S(C – RB) / Lp 
 and  2(Fo2) = S2(C + R2B) / Lp2 
 S  = Scan rate 
 C  = Total integrated peak count 
 R  = Ratio of scan time to background counting time 
 B  = Total background count 
 Lp = Lorentz-polarization factor 
 
R-factors: Rint = |<Fo2> – Fo2| / Fo2 summed only over reflections for 
which more than one symmetry 
equivalent was measured 
 R(F) = ||Fo| – |Fc|| / |Fo summed over all observed 
reflections. 
 wR(F2) = [w(Fo2 – Fc2)2 / w(Fo2)2]1/2 summed over all reflections. 
   
Standard deviation of an observation of unit weight (goodness of fit):   
 [w(Fo2 – Fc2)2 / (No – Nv)]1/2 where  No = number of 
observations;  Nv = number of 
variables 
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7.3.3 Crystal Structure Determination of Cy7I (C34H40ClN2+ I–) 
The structure of C34H40ClN2+ I– (Cy7I) has been solved and refined successfully.  
The crystals were very thin fragile plates and it was difficult to isolate and mount a usable 
fragment without too much damage.  The data are thus of modest quality, but the structure 
model is clear and unambiguous. The compound crystallizes in a polar space group and 
the absolute structure has been determined independently by the diffraction experiment. 
Experimental 
A crystal of C34H40ClN2+ I–, obtained from CH2Cl2 / Et2O, was mounted on a glass 
fiber and used for a low–temperature X–ray structure determination.  All measurements 
were made on a Rigaku Oxford Diffraction SuperNova area-detector diffractometer248 using 
Cu K radiation ( = 1.54184 Å) from a micro-focus X–ray source and an Oxford 
Instruments Cryojet XL cooler.  The unit cell constants and an orientation matrix for data 
collection were obtained from a least-squares refinement of the setting angles of 7860 
reflections in the range 7° < 2 < 153°.  A total of 2754 frames were collected using  
scans with  offsets, 2.0–20.0 seconds exposure time and a rotation angle of 1601.0° per 
frame, and a crystal–detector distance of 60.0 mm. 
 Data reduction was performed with CrysAlisPro.248  The intensities were 
corrected for Lorentz and polarization effects, and a numerical absorption correction249 
was applied.  The space group was uniquely determined by the systematic absences.  
Equivalent reflections, other than Friedel pairs, were merged.  The data collection and 
refinement parameters are given in Table 7.5.  A view of the molecule is shown in Figure 
7.8. Bond lengths, bond angles and torsion angles are given in Table 7.9, Table 7.10 and 
Table 7.11 respectively. 
 The structure was solved by dual space methods using SHELXT-2014,250 which 
revealed the positions of all non-hydrogen atoms.  The non-hydrogen atoms were refined 
anisotropically.  All of the H-atoms were placed in geometrically calculated positions and 
refined by using a riding model where each H-atom was assigned a fixed isotropic 
displacement parameter with a value equal to 1.2Ueq of its parent atom (1.5Ueq for the 
methyl groups).  The refinement of the structure was carried out on F2 by using full-matrix 
least-squares procedures, which minimised the function w(Fo2 – Fc2)2.  The weighting 
scheme was based on counting statistics and included a factor to downweight the intense 
reflections.  Plots of w(Fo2 – Fc2)2 versus Fc/Fc(max) and resolution showed no unusual 
trends.  A correction for secondary extinction was not applied.  Refinement of the absolute 
structure parameter251 yielded a value of -0.019(8), which confidently confirms that the 
refined model represents the true absolute structure. The seven largest peaks of residual 
electron density are between 0.64 and 1.36 e Å-3 and all lie within 1.2 Å of the iodide ion. 
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 Neutral atom scattering factors for non-hydrogen atoms were taken from Maslen, 
Fox and O'Keefe,240 and the scattering factors for H-atoms were taken from Stewart, 
Davidson and Simpson.252  Anomalous dispersion effects were included in Fc;253 the values 
for f' and f" were those of Creagh and McAuley.240  The values of the mass attenuation 
coefficients are those of Creagh and Hubbel.240  The SHELXL-2014 program254 was used for 
all calculations. 
 
Figure 7.8. ORTEP
255
 representation of the cation and anion in Cy7I (50% probability ellipsoids; H-atoms 
given arbitrary displacement parameters for clarity). 
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Table 7.5. Crystallographic Data for Cy7I (C34H40ClN2
+
 I
–
). 
Crystallized from CH2Cl2 / Et2O 
Empirical formula C34H40ClIN2 
Formula weight [g mol-1] 639.03 
Crystal colour, habit yellow, plate 
Crystal dimensions [mm] 0.03  0.09  0.35 
Temperature [K] 160(1) 
Crystal system orthorhombic 
Space group P212121  (#19) 
Z 4 
Reflections for cell determination 7860 
2 range for cell determination [°] 7 – 153 
Unit cell parameters a [Å] 7.9571(3) 
 b [Å] 11.6098(3) 
 c [Å] 33.2904(11) 
  [°] 90 
  [°] 90 
   [°] 90 
 V [Å3] 3075.38(17) 
F(000) 1312 
Dx [g cm-3] 1.380 
(Cu K) [mm-1] 9.153 
Scan type  
2(max) [°] 154.0 
Transmission factors (min; max) 0.143; 1.000 
Total reflections measured 17773 
Symmetry independent reflections 5760 
Rint 0.047 
Reflections with I > 2(I) 5147 
Reflections used in refinement 5760 
Parameters refined 349 
Final R(F) [I > 2(I) reflections] 0.0654 
 wR(F2) (all data) 0.1501 
Weights: w = [2(Fo2) + (0.0177P)2 + 29.1457P]-1 where P = (Fo2 + 2Fc2)/3 
Goodness of fit 1.076 
Final max/ 0.000 
 (max; min) [e Å-3] 1.36; -0.99 
(d(C – C)) [Å] 0.012 – 0.016 
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7.3.4 Crystal Structure Determination of Cy7P (C34H40ClN2+ PF6–) 
The structure of C34H40ClN2+ PF6– (Cy7P) has been solved and refined successfully.  
The asymmetric unit contains four cations and four anions.  The cations generally have 
very similar conformations with only small differences in most torsion angles.  The major 
differences are that one cation has a the terminal methyl group of one ethyl substituent 
rotated by approximately 180° relative to its orientation in the other three cations, and  
that another cation has the opposite half-chair puckering of the central six-membered ring 
compared with the other cations.  No additional crystallographic symmetry could be found 
in the structure, although the structure is pseudo-centrosymmetric with an 83% fit of the 
atoms to the additional symmetry element; the differences between the conformations of 
the cations are breaking the additional symmetry.  The crystals are non-merohedral twins 
resulting from a rotation of 180° about [103].  The twin matrix is 1 0 0 / 0 -1 0 / 0.6363 0 
1 and the major twin fraction is 0.5668(10).  All reflections from both twin components 
were integrated and included in the refinement.  Note that the precision of the geometric 
parameters is somewhat lower than normal and this should be taken into consideration if 
these parameters are being compared. 
Experimental 
A crystal of C34H40ClN2+ PF6– was mounted on a glass fiber and used for a low-
temperature X-ray structure determination.  All measurements were made on an Agilent 
Technologies SuperNova area-detector diffractometer256 using Mo K radiation ( = 
0.71073 Å) from a micro-focus X-ray source and an Oxford Instruments Cryojet XL cooler.  
The unit cell constants and an orientation matrix for data collection were obtained from a 
least-squares refinement of the setting angles of 8185 reflections in the range 4° < 2 < 
55°.  A total of 1504 frames were collected using  scans with  offsets, 30.0 seconds 
exposure time and a rotation angle of 0.5° per frame, and a crystal-detector distance of 
115.0 mm. 
 Data reduction was performed with CrysAlisPro.256 The intensities were corrected 
for Lorentz and polarization effects, and an empirical absorption correction using 
spherical harmonics256 was applied.  The space group was determined from the systematic 
absences, packing considerations, a statistical analysis of intensity distribution, and the 
successful solution and refinement of the structure.  Equivalent reflections were not 
merged.  The data collection and refinement parameters are given in Table 7.6. A view of 
the molecule is shown in Figure 7.9. Bond lengths, bond angles and torsion angles are given 
in Table 7.12, Table 7.13, and Table 7.14, respectively. 
 The structure was solved by direct methods using SHELXS-2013,257 which 
revealed the positions of all non-hydrogen atoms.  The crystals are non-merohedral twins 
resulting from a rotation of 180° about [103].  The twin matrix is 1 0 0 / 0 -1 0 / 0.6363 0 
1 and the major twin fraction is 0.5668(10).  All reflections from both twin components 
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were integrated; a total of 6609 and 7249 non-overlapping reflections from twin 
components 1 and 2, respectively, plus 4785 reflections from both twin components that 
were overlapping by more than 80%.  The non-hydrogen atoms were refined 
anisotropically.  All of the H-atoms were placed in geometrically calculated positions and 
refined by using a riding model where each H-atom was assigned a fixed isotropic 
displacement parameter with a value equal to 1.2Ueq of its parent atom (1.5Ueq for the 
methyl groups).  The refinement of the structure was carried out on F2 by using full-matrix 
least-squares procedures, which minimised the function w(Fo2 – Fc2)2.  The weighting 
scheme was based on counting statistics and included a factor to downweight the intense 
reflections.  Plots of w(Fo2 – Fc2)2 versus Fc/Fc(max) and resolution showed no unusual 
trends.  A correction for secondary extinction was not applied.  Refinement of the absolute 
structure parameter
258,259
 yielded a value of 0.42(6). 
 
 Neutral atom scattering factors for non-hydrogen atoms were taken from Maslen, 
Fox and O'Keefe,240 and the scattering factors for H-atoms were taken from Stewart, 
Davidson and Simpson.252  Anomalous dispersion effects were included in Fc;253 the values 
for f' and f" were those of Creagh and McAuley.240  The values of the mass attenuation 
coefficients are those of Creagh and Hubbel.240  The SHELXL-2013 program257 was used for 
all calculations. 
 
Figure 7.9. ORTEP
255
 representation of one of the cations in Cy7P (50% probability ellipsoids; H-atoms 
given arbitrary displacement parameters for clarity). 
Near–Infrared Absorbing Cyanine Dyes and Organic–Inorganic Perovskites for Electronic Applications 
130  Anna C. Véron – 2017 
Table 7.6. Crystallographic Data for Cy7P (C34H40ClN2
+
 PF6
–
). 
Crystallized from CH2Cl2 / Et2O 
Empirical formula C34H40ClF6N2P 
Formula weight [g mol-1] 657.12 
Crystal colour, habit pale-green, needle 
Crystal dimensions [mm] 0.10  0.10  0.40 
Temperature [K] 160(1) 
Crystal system monoclinic 
Space group Pn  (#7) 
Z 8 
Reflections for cell determination 8185 
2 range for cell determination [°] 4 – 55 
Unit cell parameters a [Å] 8.4401(3) 
 b [Å] 24.4463(15) 
 c [Å] 31.1399(11) 
  [°] 90 
  [°] 94.948(3) 
   [°] 90 
 V [Å3] 6401.1(5) 
F(000) 2752 
Dx [g cm-3] 1.364 
(Mo K) [mm-1] 0.231 
Scan type  
2(max) [°] 55.8 
Transmission factors (min; max) 0.654; 1.000 
Total reflections measured 15439 
Reflections with I > 2(I) 13362 
Reflections used in refinement 15439 
Parameters refined; restraints 1610; 2 
Final R(F) [I > 2(I) reflections] 0.0559 
 wR(F2) (all data) 0.1467 
Weights: w = [2(Fo2) + (0.0924P)2 + 3.8130P]-1 where P = (Fo2 + 2Fc2)/3 
Goodness of fit 1.010 
Final max/ 0.000 
 (max; min) [e Å-3] 0.51; -0.63 
(d(C – C)) [Å] 0.009 – 0.014 
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7.3.5 Crystal Structure Determination of Cy7T 
(C34H40ClN2+ C18C112O6P– ·1.5Et2O) 
The structure of C34H40ClN2+ C18C112O6P– ·1.5Et2O (Cy7T) has been solved and 
refined successfully. The asymmetric unit contains one cation, one anion and some 
disordered solvent molecules, which from the distribution of electron density peaks are 
estimated to be Et2O.  The solvent molecules could not be modelled sufficiently well, so 
their contribution to the diffraction data was removed by using the SQUEEZE procedure 
(see below).  One methylene group in the cyclohexene ring of the cation is disordered over 
two positions, which can be rationalized as alternate positions of the flap of the envelope 
conformation of the ring. 
Experimental 
A crystal of C34H40ClN2+ C18C112O6P– ·1.5Et2O, obtained from diethyl ether / 
dichloromethane, was mounted on a glass fiber and used for a low–temperature X-ray 
structure determination.  All measurements were made on an Agilent Technologies 
SuperNova area-detector diffractometer256 using Cu K radiation ( = 1.54184 Å) from a 
micro–focus X–ray source and an Oxford Instruments Cryojet XL cooler.  The unit cell 
constants and an orientation matrix for data collection were obtained from a least–
squares refinement of the setting angles of 15347 reflections in the range 5° < 2 < 149°.  
A total of 2236 frames were collected using  scans with  offsets, 3.0–27.0 seconds 
exposure time and a rotation angle of 1.0° per frame, and a crystal–detector distance of 
55.0 mm. 
Data reduction was performed with CrysAlisPro.256 The intensities were corrected 
for Lorentz and polarization effects, and a numerical absorption correction249 was applied.  
The space group was determined from packing considerations, a statistical analysis of 
intensity distribution, and the successful solution and refinement of the structure.  
Equivalent reflections were merged.  The data collection and refinement parameters are 
given in Table 7.7.  A view of the molecule is shown in Figure 7.10. Bond lengths, bond 
angles and torsion angles are given in Table 7.15, Table 7.16 and Table 7.17, respectively. 
 
 The structure was solved by direct methods using SHELXS97,257 which revealed 
the positions of all non–hydrogen atoms.  The asymmetric unit contains one cation, one 
anion and some disordered solvent molecules, which from the distribution of electron 
density peaks are estimated to be Et2O.  The disorder of the solvent molecules could not 
be modelled adequately, so their contribution to the diffraction data was removed by 
using the SQUEEZE procedure260 of the program PLATON.261  Each unit cell contains one 
centrosymmetric cavity of 465 Å3.  The electron count in the cavity was calculated to be 
approximately 111 e, which can be an underbound.  Three molecules of Et2O per cavity 
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contribute 126 e, so this assumption has been used in the calculation of the empirical 
formula, formula weight, density, linear absorption coefficient and F(000).  Based on the 
assumption, the ratio of cation:anion:solvent in the structure is 1:1:1.5. 
One methylene group in the cyclohexene ring of the cation is disordered over two 
positions.  Two positions were defined for this methylene group and the site occupation 
factor of the major conformation refined to 0.752(12).  Similarity restraints were applied 
to the chemically equivalent bond lengths the disordered C-atom.  The non-hydrogen 
atoms were refined anisotropically.  All of the H-atoms were placed in geometrically 
calculated positions and refined by using a riding model where each H-atom was assigned 
a fixed isotropic displacement parameter with a value equal to 1.2Ueq of its parent atom 
(1.5Ueq for the methyl groups).  The refinement of the structure was carried out on F2 by 
using full-matrix least-squares procedures, which minimised the function w(Fo2 – Fc2)2.  
The weighting scheme was based on counting statistics and included a factor to 
downweight the intense reflections.  Plots of w(Fo2 – Fc2)2 versus Fc/Fc(max) and 
resolution showed no unusual trends.  A correction for secondary extinction was not 
applied. 
 Neutral atom scattering factors for non-hydrogen atoms were taken from Maslen, 
Fox and O'Keefe,240 and the scattering factors for H-atoms were taken from Stewart, 
Davidson and Simpson.252  Anomalous dispersion effects were included in Fc;253 the values 
for f' and f" were those of Creagh and McAuley.240 The values of the mass attenuation 
coefficients are those of Creagh and Hubbel.240  The SHELXL97 program257 was used for all 
calculations. 
 
Figure 7.10. ORTEP
255
 representation of the cation in Cy7T (50% probability ellipsoids; H-atoms given 
arbitrary displacement parameters for clarity). 
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Table 7.7. Crystallographic Data for Cy7T (C34H40ClN2
+ 
C18C112O6P
– 
·1.5Et2O). 
Crystallized from CH2Cl2 / Et2O 
Empirical formula C58H55Cl13N2O7.5P 
Formula weight [g mol-1] 1391.86 
Crystal colour, habit yellow-green, needle 
Crystal dimensions [mm] 0.03  0.04  0.45 
Temperature [K] 160(1) 
Crystal system triclinic 
Space group ?̅? 1 (#2) 
Z 2 
Reflections for cell determination 15347 
2 range for cell determination [°] 5 – 149 
Unit cell parameters a [Å] 12.8224(3) 
 b [Å] 14.2116(3) 
 c [Å] 18.3477(4) 
  [°] 98.9303(18) 
  [°] 107.070(2) 
   [°] 101.931(2) 
 V [Å3] 3042.62(12) 
F(000) 1426 
Dx [g cm-3] 1.519 
(Cu K) [mm-1] 6.105 
Scan type  
2(max) [°] 149.1 
Transmission factors (min; max) 0.435; 1.159 
Total reflections measured 39423 
Symmetry independent reflections 12155 
Rint 0.105 
Reflections with I > 2(I) 9250 
Reflections used in refinement 12155 
Parameters refined; restraints 683; 6 
Final R(F) [I > 2(I) reflections] 0.0643 
 wR(F2) (all data) 0.1825 
Weights: w = [2(Fo2) + (0.1175P)2]-1 where P = (Fo2 + 2Fc2)/3 
Goodness of fit 1.000 
Final max/ 0.001 
 (max; min) [e Å-3] 0.70; -0.73 
(d(C – C)) [Å] 0.004 – 0.007 
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7.3.6 Crystal Structure Determination of Cy7-PbI3 
((C34H40ClN2+)n[PbI3–]n·2n(DMF)) 
The structure of (C34H40ClN2+)n[PbI3–]n·2n(DMF) (Cy7-PbI3) has been solved and 
refined successfully.  The asymmetric unit contains one organic cation, one PbI3– fragment 
of a [PbI3–]n chain and two DMF molecules.  The DMF molecules could be somewhat 
disordered, but no attempt has been made to model the disorder. A test refinement using 
the SQUEEZE procedure of PLATON262 to account for the solvent, instead of modelling 
these molecules, did not yield significantly improved results, so the solvent molecules 
were retained in the final refinement model. 
The available crystals were extremely thin needles, and even then, the chosen 
crystal was not a perfect single crystal.  The reconstructed synthetic precession images 
showed there was at least one other set of reflections from another crystal orientation.  
However, these reflections could be ignored without unduly affecting the quality of the 
used reflection data. The size of the crystal necessitated the use of Cu K radiation to gain 
sufficient diffraction intensity, despite the presence of Pb– and I–atoms, but again, after 
absorption corrections, this did not unduly affect the quality of the data. 
 The anions form columns, which run parallel to the [001] direction, with the 
cations and DMF molecules dispersed between the columns. Each pair of Pb(II) ions within 
the columns is bridged by three iodide ions. 
 
Experimental 
A crystal of (C34H40ClN2+)n[PbI3–]n·2n(DMF), obtained from DMF, was mounted on a 
glass fibre and used for a low–temperature X–ray structure determination.  All 
measurements were made on an Agilent Technologies SuperNova area–detector 
diffractometer248 using Cu K radiation (= 1.54184 Å) from a micro–focus X–ray source 
and an Oxford Instruments Cryojet XL cooler.  The unit cell constants and an orientation 
matrix for data collection were obtained from a least–squares refinement of the setting 
angles of 13827 reflections in the range 7° < 2 < 152°.  A total of 1790 frames were 
collected using  scans with  offsets, 10.0–30.0 seconds exposure time and a rotation 
angle of 0.5° per frame, and a crystal–detector distance of 55.0 mm. 
Data reduction was performed with CrysAlisPro.248  The intensities were corrected 
for Lorentz and polarization effects, and an empirical absorption correction using 
spherical harmonics248 was applied.  The space group was uniquely determined by the 
systematic absences.  Equivalent reflections were merged.  The data collection and 
refinement parameters are given in Table 7.8.  A view of the molecule is shown in Figure 
7.11. Bond lengths, bond angles and torsion angles are given in Table 7.18, Table 7.19 and 
Table 7.20, respectively. 
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The structure was solved by dual space methods using SHELXT-2014,250 which 
revealed the positions of all non-hydrogen atoms.  The non-hydrogen atoms were refined 
anisotropically.  All of the H-atoms were placed in geometrically calculated positions and 
refined by using a riding model where each H-atom was assigned a fixed isotropic 
displacement parameter with a value equal to 1.2Ueq of its parent atom (1.5Ueq for the 
methyl groups).  The refinement of the structure was carried out on F2 by using full-matrix 
least-squares procedures, which minimised the function w(Fo2 – Fc2)2.  The weighting 
scheme was based on counting statistics and included a factor to downweight the intense 
reflections.  Plots of w(Fo2 – Fc2)2 versus Fc/Fc(max) and resolution showed no unusual 
trends.  A correction for secondary extinction was not applied. 
 
Neutral atom scattering factors for non-hydrogen atoms were taken from Maslen, 
Fox and O'Keefe,240 and the scattering factors for H–atoms were taken from Stewart, 
Davidson and Simpson.252  Anomalous dispersion effects were included in Fc;253 the values 
for f' and f" were those of Creagh and McAuley.240  The values of the mass attenuation 
coefficients are those of Creagh and Hubbel.240  The SHELXL–2014 program254 was used for 
all calculations. 
 
Figure 7.11. ORTEP
255
 representation of the cation and part of the anionic chain in Cy7-PbI3 (50%  
probability ellipsoids; H-atoms given arbitrary displacement parameters for clarity). 
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Table 7.8. Crystallographic Data for Cy7-PbI3 (C34H40ClN2
+
)n[PbI3
–
]n·2n(DMF). 
Crystallized from DMF 
Empirical formula C40H54ClI3N4O2Pb 
Formula weight [g mol-1] 1246.21 
Crystal colour, habit green, needle 
Crystal dimensions [mm] 0.02  0.03  0.12 
Temperature [K] 160(1) 
Crystal system monoclinic 
Space group P21/c  (#14) 
Z 4 
Reflections for cell determination 13827 
2 range for cell determination [°] 7 – 152 
Unit cell parameters a [Å] 16.3649(7) 
 b [Å] 33.5729(10) 
 c [Å] 8.0898(3) 
  [°] 90 
  [°] 97.210(4) 
   [°] 90 
 V [Å3] 4409.5(3) 
F(000) 2384 
Dx [g cm-3] 1.877 
(Cu K) [mm-1] 24.771 
Scan type  
2(max) [°] 155.0 
Transmission factors (min; max) 0.469; 1.000 
Total reflections measured 45548 
Symmetry independent reflections 9174 
Rint 0.101 
Reflections with I > 2(I) 7351 
Reflections used in refinement 9174 
Parameters refined 470 
Final R(F) [I > 2(I) reflections] 0.0519 
 wR(F2) (all data) 0.1324 
Weights: w = [2(Fo2) + (0.0456P)2 + 23.44P]-1 where P = (Fo2 + 2Fc2)/3 
Goodness of fit 1.054 
Final max/ 0.001 
 (max; min) [e Å-3] 1.67; -1.50 
(d(C – C)) [Å] 0.012 – 0.018 
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7.3.7 Bond Lengths, Bond Angles and Torsion Angles 
 
Figure 7.12. C–C bond lengths in the polymethine chain of cyanine cations with different counterions for 
visualization of the bond length alternation. Iodide (Cy7I), PF6
–
 (Cy7P), TRISPHAT
–
 (Cy7T) and [PbI3
–
]n 
(Cy7–PbI3).  
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Table 7.9. Bond lengths (Å) in Cy7I with standard uncertainties in parentheses. 
Cl(1) -C(16) 1.756(9)  C(15) -C(16) 1.411(13) 
N(1) -C(1) 1.362(12)  C(15) -C(20) 1.511(13) 
N(1) -C(8) 1.401(12)  C(16) -C(17) 1.389(13) 
N(1) -C(9) 1.468(12)  C(17) -C(21) 1.403(13) 
N(2) -C(23) 1.337(12)  C(17) -C(18) 1.501(12) 
N(2) -C(30) 1.414(12)  C(18) -C(19) 1.511(14) 
N(2) -C(31) 1.477(11)  C(19) -C(20) 1.514(15) 
C(1) -C(13) 1.377(13)  C(21) -C(22) 1.380(14) 
C(1) -C(2) 1.534(13)  C(22) -C(23) 1.416(13) 
C(2) -C(3) 1.490(13)  C(23) -C(24) 1.527(12) 
C(2) -C(11) 1.531(14)  C(24) -C(25) 1.509(14) 
C(2) -C(12) 1.547(13)  C(24) -C(34) 1.527(13) 
C(3) -C(4) 1.381(14)  C(24) -C(33) 1.532(13) 
C(3) -C(8) 1.384(12)  C(25) -C(26) 1.396(13) 
C(4) -C(5) 1.380(15)  C(25) -C(30) 1.406(13) 
C(5) -C(6) 1.382(16)  C(26) -C(27) 1.360(16) 
C(6) -C(7) 1.394(15)  C(27) -C(28) 1.390(15) 
C(7) -C(8) 1.387(13)  C(28) -C(29) 1.379(15) 
C(9) -C(10) 1.511(14)  C(29) -C(30) 1.378(13) 
C(13) -C(14) 1.411(13)  C(31) -C(32) 1.515(15) 
C(14) -C(15) 1.373(13)     
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Table 7.10. Bond angles (°) in Cy7I with standard uncertainties in parentheses. 
C(1) -N(1) -C(8) 111.2(7)  C(17) -C(16) -C(15) 126.2(8) 
C(1) -N(1) -C(9) 125.3(8)  C(17) -C(16) -Cl(1) 117.5(7) 
C(8) -N(1) -C(9) 123.4(8)  C(15) -C(16) -Cl(1) 116.3(7) 
C(23) -N(2) -C(30) 111.7(8)  C(16) -C(17) -C(21) 122.0(9) 
C(23) -N(2) -C(31) 125.8(8)  C(16) -C(17) -C(18) 118.5(8) 
C(30) -N(2) -C(31) 122.5(8)  C(21) -C(17) -C(18) 119.5(9) 
N(1) -C(1) -C(13) 122.8(9)  C(17) -C(18) -C(19) 112.9(8) 
N(1) -C(1) -C(2) 108.0(8)  C(18) -C(19) -C(20) 111.7(8) 
C(13) -C(1) -C(2) 129.2(9)  C(15) -C(20) -C(19) 111.8(8) 
C(3) -C(2) -C(11) 111.6(8)  C(22) -C(21) -C(17) 125.3(9) 
C(3) -C(2) -C(1) 101.7(8)  C(21) -C(22) -C(23) 125.0(9) 
C(11) -C(2) -C(1) 113.4(8)  N(2) -C(23) -C(22) 121.5(9) 
C(3) -C(2) -C(12) 109.4(8)  N(2) -C(23) -C(24) 110.3(8) 
C(11) -C(2) -C(12) 110.8(8)  C(22) -C(23) -C(24) 128.0(9) 
C(1) -C(2) -C(12) 109.6(8)  C(25) -C(24) -C(34) 111.7(8) 
C(4) -C(3) -C(8) 118.5(9)  C(25) -C(24) -C(23) 100.2(8) 
C(4) -C(3) -C(2) 131.7(9)  C(34) -C(24) -C(23) 111.4(8) 
C(8) -C(3) -C(2) 109.8(8)  C(25) -C(24) -C(33) 109.2(8) 
C(5) -C(4) -C(3) 120.2(10)  C(34) -C(24) -C(33) 111.1(8) 
C(4) -C(5) -C(6) 120.7(10)  C(23) -C(24) -C(33) 112.7(8) 
C(5) -C(6) -C(7) 120.5(10)  C(26) -C(25) -C(30) 117.9(9) 
C(8) -C(7) -C(6) 117.5(10)  C(26) -C(25) -C(24) 131.7(9) 
C(3) -C(8) -C(7) 122.7(9)  C(30) -C(25) -C(24) 110.3(8) 
C(3) -C(8) -N(1) 109.0(8)  C(27) -C(26) -C(25) 119.6(10) 
C(7) -C(8) -N(1) 128.3(9)  C(26) -C(27) -C(28) 121.1(10) 
N(1) -C(9) -C(10) 112.9(8)  C(29) -C(28) -C(27) 121.6(10) 
C(1) -C(13)  -C(14) 124.6(9)  C(30) -C(29) -C(28) 116.7(10) 
C(15) -C(14) -C(13) 126.2(9)  C(29) -C(30) -C(25) 123.2(10) 
C(14) -C(15) -C(16) 124.4(9)  C(29) -C(30) -N(2) 129.5(9) 
C(14) -C(15) -C(20) 120.4(9)  C(25) -C(30) -N(2) 107.3(8) 
C(16) -C(15) -C(20) 115.2(8)  N(2) -C(31) -C(32) 111.2(9) 
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Table 7.11. Torsion angles (°) in Cy7I with standard uncertainties in parentheses. 
C(8) -N(1) -C(1) -C(13) -172.6(9) Cl(1) -C(16) -C(17) -C(18) -176.6(7) 
C(9) -N(1) -C(1) -C(13) 4(1) C(16) -C(17) -C(18) -C(19) 19(1) 
C(8) -N(1) -C(1) -C(2) 6(1) C(21) -C(17) -C(18) -C(19) -161.4(9) 
C(9) -N(1) -C(1) -C(2) -178.0(8) C(17) -C(18) -C(19) -C(20) -48(1) 
N(1) -C(1) -C(2) -C(3) -6(1) C(14) -C(15) -C(20) -C(19) 144.8(9) 
C(13) -C(1) -C(2) -C(3) 172(1) C(16) -C(15) -C(20) -C(19) -34(1) 
N(1) -C(1) -C(2) -C(11) -126.1(9) C(18) -C(19) -C(20) -C(15) 56(1) 
C(13) -C(1) -C(2) -C(11) 52(1) C(16) -C(17) -C(21) -C(22) -173(1) 
N(1) -C(1) -C(2) -C(12) 109.6(9) C(18) -C(17) -C(21) -C(22) 7(2) 
C(13) -C(1) -C(2) -C(12) -72(1) C(17) -C(21) -C(22) -C(23) 179(1) 
C(11) -C(2) -C(3) -C(4) -56(1) C(30) -N(2) -C(23) -C(22) -178.8(9) 
C(1) -C(2) -C(3) -C(4) -177(1) C(31) -N(2) -C(23) -C(22) -1(2) 
C(12) -C(2) -C(3) -C(4) 67(1) C(30) -N(2) -C(23) -C(24) -4(1) 
C(11) -C(2) -C(3) -C(8) 125.5(9) C(31) -N(2) -C(23) -C(24) 174.0(9) 
C(1) -C(2) -C(3) -C(8) 4(1) C(21) -C(22) -C(23) -N(2) -178(1) 
C(12) -C(2) -C(3) -C(8) -111.5(9) C(21) -C(22) -C(23) -C(24) 7(2) 
C(8) -C(3) -C(4) -C(5) 1(1) N(2) -C(23) -C(24) -C(25) 3(1) 
C(2) -C(3) -C(4) -C(5) -177.6(9) C(22) -C(23) -C(24) -C(25) 178(1) 
C(3) -C(4) -C(5) -C(6) 0(2) N(2) -C(23) -C(24) -C(34) -115(1) 
C(4) -C(5) -C(6) -C(7) -1(2) C(22) -C(23) -C(24) -C(34) 60(1) 
C(5) -C(6) -C(7) -C(8) 0(1) N(2) -C(23) -C(24) -C(33) 119(1) 
C(4) -C(3) -C(8) -C(7) -1(1) C(22) -C(23) -C(24) -C(33) -66(1) 
C(2) -C(3) -C(8) -C(7) 177.5(8) C(34) -C(24) -C(25) -C(26) -66(1) 
C(4) -C(3) -C(8) -N(1) 179.9(8) C(23) -C(24) -C(25) -C(26) 176(1) 
C(2) -C(3) -C(8) -N(1) -1(1) C(33) -C(24) -C(25) -C(26) 58(1) 
C(6) -C(7) -C(8) -C(3) 1(1) C(34) -C(24) -C(25) -C(30) 116.2(9) 
C(6) -C(7) -C(8) -N(1) 179.1(9) C(23) -C(24) -C(25) -C(30) -2(1) 
C(1) -N(1) -C(8) -C(3) -3(1) C(33) -C(24) -C(25) -C(30) -120.5(9) 
C(9) -N(1) -C(8) -C(3) -179.3(8) C(30) -C(25) -C(26) -C(27) 0(2) 
C(1) -N(1) -C(8) -C(7) 178.3(9) C(24) -C(25) -C(26) -C(27) -178(1) 
C(9) -N(1) -C(8) -C(7) 2(1) C(25) -C(26) -C(27) -C(28) 0(2) 
C(1) -N(1) -C(9) -C(10) -87(1) C(26) -C(27) -C(28) -C(29) 0(2) 
C(8) -N(1) -C(9) -C(10) 88(1) C(27) -C(28) -C(29) -C(30) 1(2) 
N(1) -C(1) -C(13) -C(14) -176.0(9) C(28) -C(29) -C(30) -C(25) -1(1) 
C(2) -C(1) -C(13) -C(14) 6(2) C(28) -C(29) -C(30) -N(2) 178.1(9) 
C(1) -C(13) -C(14) -C(15) -174(1) C(26) -C(25) -C(30) -C(29) 1(1) 
C(13) -C(14) -C(15) -C(16) -173.7(9) C(24) -C(25) -C(30) -C(29) 179.6(9) 
C(13) -C(14) -C(15) -C(20) 7(2) C(26) -C(25) -C(30) -N(2) -178.5(9) 
C(14) -C(15) -C(16) -C(17) -174(1) C(24) -C(25) -C(30) -N(2) 0(1) 
C(20) -C(15) -C(16) -C(17) 5(1) C(23) -N(2) -C(30) -C(29) -177.3(9) 
C(14) -C(15) -C(16) -Cl(1) 6(1) C(31) -N(2) -C(30) -C(29) 5(2) 
C(20) -C(15) -C(16) -Cl(1) -175.4(7) C(23) -N(2) -C(30) -C(25) 2(1) 
C(15) -C(16) -C(17) -C(21) -176.6(9) C(31) -N(2) -C(30) -C(25) -175.5(8) 
Cl(1) -C(16) -C(17) -C(21) 4(1) C(23) -N(2) -C(31) -C(32) -82(1) 
C(15) -C(16) -C(17) -C(18) 3(2) C(30) -N(2) -C(31) -C(32) 95(1) 
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Table 7.12. Bond lengths (Å) in Cy7P with standard uncertainties in parentheses. 
Cl(1) -C(16) 1.743(8)  C(83) -C(88) 1.384(11) 
N(1) -C(1) 1.344(9)  C(83) -C(84) 1.389(11) 
N(1) -C(8) 1.391(10)  C(84) -C(85) 1.377(13) 
N(1) -C(9) 1.480(9)  C(85) -C(86) 1.376(13) 
N(2) -C(23) 1.371(10)  C(86) -C(87) 1.360(12) 
N(2) -C(30) 1.404(11)  C(87) -C(88) 1.392(10) 
N(2) -C(31) 1.517(12)  C(89) -C(90) 1.502(12) 
C(1) -C(13) 1.404(11)   C(93) -C(94) 1.366(10) 
C(1) -C(2) 1.536(10)  C(94) -C(95) 1.399(10) 
C(2) -C(3) 1.500(10)  C(95) -C(96) 1.393(10) 
C(2) -C(11) 1.523(10)  C(95) -C(100) 1.517(10) 
C(2) -C(12) 1.525(11)  C(96) -C(97) 1.410(10) 
C(3) -C(8) 1.380(10)  C(97) -C(101) 1.363(10) 
C(3) -C(4) 1.387(11)  C(97) -C(98) 1.506(11) 
C(4) -C(5) 1.393(12)  C(98) -C(99) 1.502(11) 
C(5) -C(6) 1.388(12)  C(99) -C(100) 1.511(10) 
C(6) -C(7) 1.381(11)  C(101) -C(102) 1.421(10) 
C(7) -C(8) 1.399(11)  C(102) -C(103) 1.389(11) 
C(9) -C(10) 1.513(11)  C(103) -C(104) 1.519(12) 
C(13) -C(14) 1.377(10)   C(104) -C(105) 1.505(10) 
C(14) -C(15) 1.404(10)   C(104) -C(114) 1.536(12) 
C(15) -C(16) 1.381(11)   C(104) -C(113) 1.542(11) 
C(15) -C(20) 1.502(10)  C(105) -C(106) 1.374(11) 
C(16) -C(17) 1.427(10)   C(105) -C(110) 1.404(12) 
C(17) -C(21) 1.373(11)   C(106) -C(107) 1.388(12) 
C(17) -C(18) 1.517(11)  C(107) -C(108) 1.355(14) 
C(18) -C(19) 1.464(12)  C(108) -C(109) 1.395(13) 
C(19) -C(20) 1.512(11)  C(109) -C(110) 1.404(11) 
C(21) -C(22) 1.395(11)   C(111) -C(112) 1.553(11) 
C(22) -C(23) 1.362(11)   Cl(4) -C(136) 1.740(8) 
C(23) -C(24) 1.544(11)  N(7) -C(121) 1.370(9) 
C(24) -C(34) 1.516(12)  N(7) -C(128) 1.407(9) 
C(24) -C(25) 1.516(10)  N(7) -C(129) 1.459(10) 
C(24) -C(33) 1.527(11)  N(8) -C(143) 1.343(9) 
C(25) -C(26) 1.366(12)  N(8) -C(150) 1.418(9) 
C(25) -C(30) 1.382(13)  N(8) -C(151) 1.460(9) 
C(26) -C(27) 1.394(12)  C(121) -C(133) 1.363(11) 
C(27) -C(28) 1.382(14)  C(121) -C(122) 1.543(10) 
C(28) -C(29) 1.378(13)  C(122) -C(123) 1.504(10) 
C(29) -C(30) 1.394(11)  C(122) -C(131) 1.532(11) 
C(31) -C(32) 1.424(14)  C(122) -C(132) 1.535(11) 
Cl(2) -C(56) 1.747(8)  C(123) -C(124) 1.385(11) 
N(3) -C(41) 1.344(9)  C(123) -C(128) 1.387(11) 
N(3) -C(48) 1.437(9)  C(124) -C(125) 1.373(12) 
N(3) -C(49) 1.463(9)  C(125) -C(126) 1.395(13) 
N(4) -C(63) 1.369(10)  C(126) -C(127) 1.388(12) 
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N(4) -C(70) 1.409(10)  C(127) -C(128) 1.386(10) 
N(4) -C(71) 1.460(12)  C(129) -C(130) 1.484(12) 
C(41) -C(53) 1.415(10)  C(133) -C(134) 1.411(10) 
C(41) -C(42) 1.495(10)  C(134) -C(135) 1.367(10) 
C(42) -C(43) 1.533(10)  C(135) -C(136) 1.444(10) 
C(42) -C(52) 1.536(10)  C(135) -C(140) 1.519(10) 
C(42) -C(51) 1.539(10)  C(136) -C(137) 1.364(11) 
C(43) -C(44) 1.364(11)  C(137) -C(141) 1.432(9) 
C(43) -C(48) 1.372(10)  C(137) -C(138) 1.500(10) 
C(44) -C(45) 1.374(12)  C(138) -C(139) 1.523(9) 
C(45) -C(46) 1.391(12)  C(139) -C(140) 1.515(11) 
C(46) -C(47) 1.375(11)  C(141) -C(142) 1.372(10) 
C(47) -C(48) 1.383(10)  C(142) -C(143) 1.421(10) 
C(49) -C(50) 1.504(10)  C(143) -C(144) 1.512(10) 
C(53) -C(54) 1.377(10)  C(144) -C(145) 1.507(10) 
C(54) -C(55) 1.395(10)  C(144) -C(153) 1.512(11) 
C(55) -C(56) 1.426(10)  C(144) -C(154) 1.546(10) 
C(55) -C(60) 1.500(10)  C(145) -C(146) 1.372(11) 
C(56) -C(57) 1.394(11)  C(145) -C(150) 1.402(10) 
C(57) -C(61) 1.381(11)  C(146) -C(147) 1.436(12) 
C(57) -C(58) 1.492(12)  C(147) -C(148) 1.358(13) 
C(58) -C(59) 1.527(12)  C(148) -C(149) 1.394(11) 
C(59) -C(60) 1.515(10)  C(149) -C(150) 1.363(10) 
C(61) -C(62) 1.412(11)  C(151) -C(152) 1.553(12) 
C(62) -C(63) 1.380(11)  P(1) -F(5) 1.569(5) 
C(63) -C(64) 1.529(11)  P(1) -F(3) 1.578(6) 
C(64) -C(65) 1.500(10)  P(1) -F(6) 1.583(6) 
C(64) -C(73) 1.533(11)  P(1) -F(1) 1.585(6) 
C(64) -C(74) 1.537(11)  P(1) -F(4) 1.585(5) 
C(65) -C(66) 1.378(12)  P(1) -F(2) 1.594(5) 
C(65) -C(70) 1.394(12)  P(2) -F(9) 1.567(7) 
C(66) -C(67) 1.393(12)  P(2) -F(7) 1.569(7) 
C(67) -C(68) 1.373(13)  P(2) -F(10) 1.593(6) 
C(68) -C(69) 1.384(12)  P(2) -F(8) 1.597(6) 
C(69) -C(70) 1.394(11)  P(2) -F(11) 1.597(6) 
C(71) -C(72) 1.518(13)  P(2) -F(12) 1.600(5) 
Cl(3) -C(96) 1.750(8)  P(3) -F(18) 1.575(6) 
N(5) -C(81) 1.334(9)  P(3) -F(17) 1.581(6) 
N(5) -C(88) 1.395(10)  P(3) -F(14) 1.582(6) 
N(5) -C(89) 1.475(9)  P(3) -F(15) 1.595(5) 
N(6) -C(103) 1.371(10)  P(3) -F(13) 1.596(5) 
N(6) -C(110) 1.380(10)  P(3) -F(16) 1.605(6) 
N(6) -C(111) 1.446(11)  P(4) -F(24) 1.564(6) 
C(81) -C(93) 1.408(10)  P(4) -F(20) 1.571(5) 
C(81) -C(82) 1.508(10)  P(4) -F(22) 1.582(7) 
C(82) -C(83) 1.533(10)  P(4) -F(19) 1.594(6) 
C(82) -C(91) 1.533(11)  P(4) -F(23) 1.601(6) 
C(82) -C(92) 1.541(10)  P(4) -F(21) 1.609(6) 
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Table 7.13. Bond angles (°) in Cy7P with standard uncertainties in parentheses. 
C(1) -N(1) -C(8) 111.6(6) C(94) -C(95) -C(100) 119.1(6) 
C(1) -N(1) -C(9) 125.4(7) C(95) -C(96) -C(97) 125.2(7) 
C(8) -N(1) -C(9) 122.8(6) C(95) -C(96) -Cl(3) 117.8(6) 
C(23) -N(2) -C(30) 111.2(8) C(97) -C(96) -Cl(3) 116.9(6) 
C(23) -N(2) -C(31) 125.9(7) C(101) -C(97) -C(96) 123.1(7) 
C(30) -N(2) -C(31) 122.8(7) C(101) -C(97) -C(98) 120.8(7) 
N(1) -C(1) -C(13) 121.5(7) C(96) -C(97) -C(98) 116.1(7) 
N(1) -C(1) -C(2) 108.3(6) C(99) -C(98) -C(97) 111.9(7) 
C(13) -C(1) -C(2) 130.2(7) C(98) -C(99) -C(100) 112.0(6) 
C(3) -C(2) -C(11) 110.6(6) C(99) -C(100) -C(95) 112.2(6) 
C(3) -C(2) -C(12) 110.5(6) C(97) -C(101) -C(102) 125.0(8) 
C(11) -C(2) -C(12) 111.3(6) C(103) -C(102) -C(101) 123.9(8) 
C(3) -C(2) -C(1) 100.9(6) N(6) -C(103) -C(102) 121.6(8) 
C(11) -C(2) -C(1) 109.0(7) N(6) -C(103) -C(104) 109.1(7) 
C(12) -C(2) -C(1) 114.2(6) C(102) -C(103) -C(104) 129.2(8) 
C(8) -C(3) -C(4) 120.7(7) C(105) -C(104) -C(103) 101.4(7) 
C(8) -C(3) -C(2) 109.6(7) C(105) -C(104) -C(114) 111.2(7) 
C(4) -C(3) -C(2) 129.7(7) C(103) -C(104) -C(114) 113.0(7) 
C(3) -C(4) -C(5) 117.2(8) C(105) -C(104) -C(113) 107.8(6) 
C(6) -C(5) -C(4) 121.9(8) C(103) -C(104) -C(113) 110.3(7) 
C(7) -C(6) -C(5) 121.0(8) C(114) -C(104) -C(113) 112.5(7) 
C(6) -C(7) -C(8) 116.8(7) C(106) -C(105) -C(110) 120.4(8) 
C(3) -C(8) -N(1) 108.9(7) C(106) -C(105) -C(104) 131.0(8) 
C(3) -C(8) -C(7) 122.3(7) C(110) -C(105) -C(104) 108.6(7) 
N(1) -C(8) -C(7) 128.7(7) C(105) -C(106) -C(107) 119.1(10) 
N(1) -C(9) -C(10) 110.7(7) C(108) -C(107) -C(106) 120.6(8) 
C(14) -C(13) -C(1) 122.6(7) C(107) -C(108) -C(109) 122.5(8) 
C(13) -C(14) -C(15) 124.0(7) C(108) -C(109) -C(110) 116.8(9) 
C(16) -C(15) -C(14) 122.2(7) N(6) -C(110) -C(105) 109.8(7) 
C(16) -C(15) -C(20) 119.1(7) N(6) -C(110) -C(109) 129.7(9) 
C(14) -C(15) -C(20) 118.7(7) C(105) -C(110) -C(109) 120.5(8) 
C(15) -C(16) -C(17) 125.4(7) N(6) -C(111) -C(112) 113.9(8) 
C(15) -C(16) -Cl(1) 118.2(6) C(121) -N(7) -C(128) 111.3(6) 
C(17) -C(16) -Cl(1) 116.3(6) C(121) -N(7) -C(129) 125.1(6) 
C(21) -C(17) -C(16) 124.3(8) C(128) -N(7) -C(129) 123.4(6) 
C(21) -C(17) -C(18) 120.6(7) C(143) -N(8) -C(150) 110.5(6) 
C(16) -C(17) -C(18) 114.9(7) C(143) -N(8) -C(151) 128.1(7) 
C(19) -C(18) -C(17) 112.5(8) C(150) -N(8) -C(151) 121.2(6) 
C(18) -C(19) -C(20) 113.7(8) C(133) -C(121) -N(7) 122.4(7) 
C(15) -C(20) -C(19) 112.7(7) C(133) -C(121) -C(122) 129.5(7) 
C(17) -C(21) -C(22) 125.9(8) N(7) -C(121) -C(122) 108.1(6) 
C(23) -C(22) -C(21) 125.8(8) C(123) -C(122) -C(131) 110.5(6) 
C(22) -C(23) -N(2) 124.3(8) C(123) -C(122) -C(132) 110.7(7) 
C(22) -C(23) -C(24) 127.6(7) C(131) -C(122) -C(132) 112.3(7) 
N(2) -C(23) -C(24) 108.1(7) C(123) -C(122) -C(121) 101.3(6) 
C(34) -C(24) -C(25) 110.4(6) C(131) -C(122) -C(121) 110.7(6) 
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C(34) -C(24) -C(33) 111.9(7) C(132) -C(122) -C(121) 110.9(7) 
C(25) -C(24) -C(33) 109.0(7) C(124) -C(123) -C(128) 119.4(7) 
C(34) -C(24) -C(23) 112.3(7) C(124) -C(123) -C(122) 130.6(8) 
C(25) -C(24) -C(23) 101.2(7) C(128) -C(123) -C(122) 110.0(7) 
C(33) -C(24) -C(23) 111.5(6) C(125) -C(124) -C(123) 119.5(8) 
C(26) -C(25) -C(30) 119.8(8) C(124) -C(125) -C(126) 120.1(8) 
C(26) -C(25) -C(24) 130.6(9) C(127) -C(126) -C(125) 122.0(8) 
C(30) -C(25) -C(24) 109.5(7) C(128) -C(127) -C(126) 116.2(8) 
C(25) -C(26) -C(27) 119.2(9) C(127) -C(128) -C(123) 122.8(7) 
C(28) -C(27) -C(26) 119.6(9) C(127) -C(128) -N(7) 128.2(8) 
C(29) -C(28) -C(27) 122.9(8) C(123) -C(128) -N(7) 108.9(6) 
C(28) -C(29) -C(30) 115.6(10) N(7) -C(129) -C(130) 112.4(8) 
C(25) -C(30) -C(29) 122.9(9) C(121) -C(133) -C(134) 125.2(7) 
C(25) -C(30) -N(2) 109.6(7) C(135) -C(134) -C(133) 124.8(7) 
C(29) -C(30) -N(2) 127.4(10) C(134) -C(135) -C(136) 123.2(7) 
C(32) -C(31) -N(2) 109.8(9) C(134) -C(135) -C(140) 121.1(7) 
C(41) -N(3) -C(48) 109.2(6) C(136) -C(135) -C(140) 115.6(7) 
C(41) -N(3) -C(49) 127.3(7) C(137) -C(136) -C(135) 123.8(7) 
C(48) -N(3) -C(49) 123.5(6) C(137) -C(136) -Cl(4) 119.8(6) 
C(63) -N(4) -C(70) 110.5(7) C(135) -C(136) -Cl(4) 116.3(6) 
C(63) -N(4) -C(71) 127.1(7) C(136) -C(137) -C(141) 120.7(7) 
C(70) -N(4) -C(71) 122.3(7) C(136) -C(137) -C(138) 120.8(6) 
N(3) -C(41) -C(53) 119.8(7) C(141) -C(137) -C(138) 118.4(6) 
N(3) -C(41) -C(42) 111.5(7) C(137) -C(138) -C(139) 111.7(6) 
C(53) -C(41) -C(42) 128.6(7) C(140) -C(139) -C(138) 110.6(6) 
C(41) -C(42) -C(43) 100.6(6) C(139) -C(140) -C(135) 110.2(6) 
C(41) -C(42) -C(52) 109.6(7) C(142) -C(141) -C(137) 124.3(7) 
C(43) -C(42) -C(52) 109.9(6) C(141) -C(142) -C(143) 122.8(7) 
C(41) -C(42) -C(51) 115.1(7) N(8) -C(143) -C(142) 120.6(7) 
C(43) -C(42) -C(51) 110.7(7) N(8) -C(143) -C(144) 110.0(6) 
C(52) -C(42) -C(51) 110.5(6) C(142) -C(143) -C(144) 129.4(6) 
C(44) -C(43) -C(48) 119.6(7) C(145) -C(144) -C(143) 102.1(6) 
C(44) -C(43) -C(42) 131.0(7) C(145) -C(144) -C(153) 110.3(7) 
C(48) -C(43) -C(42) 109.3(7) C(143) -C(144) -C(153) 114.5(7) 
C(43) -C(44) -C(45) 119.3(8) C(145) -C(144) -C(154) 110.2(6) 
C(44) -C(45) -C(46) 120.1(8) C(143) -C(144) -C(154) 107.9(6) 
C(47) -C(46) -C(45) 121.7(8) C(153) -C(144) -C(154) 111.5(7) 
C(46) -C(47) -C(48) 116.0(7) C(146) -C(145) -C(150) 120.7(7) 
C(43) -C(48) -C(47) 123.2(7) C(146) -C(145) -C(144) 131.1(8) 
C(43) -C(48) -N(3) 109.1(7) C(150) -C(145) -C(144) 108.2(6) 
C(47) -C(48) -N(3) 127.7(7) C(145) -C(146) -C(147) 116.6(8) 
N(3) -C(49) -C(50) 112.5(6) C(148) -C(147) -C(146) 120.7(8) 
C(54) -C(53) -C(41) 124.6(7) C(147) -C(148) -C(149) 122.7(8) 
C(53) -C(54) -C(55) 124.4(8) C(150) -C(149) -C(148) 116.2(8) 
C(54) -C(55) -C(56) 122.4(7) C(149) -C(150) -C(145) 123.0(7) 
C(54) -C(55) -C(60) 120.0(7) C(149) -C(150) -N(8) 127.8(7) 
C(56) -C(55) -C(60) 117.6(7) C(145) -C(150) -N(8) 109.1(6) 
C(57) -C(56) -C(55) 125.0(7) N(8) -C(151) -C(152) 108.5(6) 
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C(57) -C(56) -Cl(2) 118.3(6) F(5) -P(1) -F(3) 89.2(3) 
C(55) -C(56) -Cl(2) 116.7(6) F(5) -P(1) -F(6) 179.4(4) 
C(61) -C(57) -C(56) 122.9(8) F(3) -P(1) -F(6) 90.2(4) 
C(61) -C(57) -C(58) 120.7(7) F(5) -P(1) -F(1) 90.4(4) 
C(56) -C(57) -C(58) 116.3(7) F(3) -P(1) -F(1) 91.7(4) 
C(57) -C(58) -C(59) 112.5(8) F(6) -P(1) -F(1) 89.8(4) 
C(60) -C(59) -C(58) 109.7(7) F(5) -P(1) -F(4) 90.3(4) 
C(55) -C(60) -C(59) 114.2(7) F(3) -P(1) -F(4) 177.5(4) 
C(57) -C(61) -C(62) 124.3(8) F(6) -P(1) -F(4) 90.3(4) 
C(63) -C(62) -C(61) 124.4(8) F(1) -P(1) -F(4) 90.8(4) 
N(4) -C(63) -C(62) 121.3(8) F(5) -P(1) -F(2) 89.7(4) 
N(4) -C(63) -C(64) 108.6(7) F(3) -P(1) -F(2) 87.8(3) 
C(62) -C(63) -C(64) 130.1(8) F(6) -P(1) -F(2) 90.1(3) 
C(65) -C(64) -C(63) 102.1(7) F(1) -P(1) -F(2) 179.4(4) 
C(65) -C(64) -C(73) 111.7(7) F(4) -P(1) -F(2) 89.8(3) 
C(63) -C(64) -C(73) 112.1(7) F(9) -P(2) -F(7) 94.3(5) 
C(65) -C(64) -C(74) 107.9(7) F(9) -P(2) -F(10) 177.0(5) 
C(63) -C(64) -C(74) 110.3(7) F(7) -P(2) -F(10) 88.3(4) 
C(73) -C(64) -C(74) 112.1(7) F(9) -P(2) -F(8) 89.1(4) 
C(66) -C(65) -C(70) 119.5(8) F(7) -P(2) -F(8) 176.6(5) 
C(66) -C(65) -C(64) 131.5(8) F(10) -P(2) -F(8) 88.3(4) 
C(70) -C(65) -C(64) 109.0(7) F(9) -P(2) -F(11) 89.5(4) 
C(65) -C(66) -C(67) 119.1(9) F(7) -P(2) -F(11) 89.5(4) 
C(68) -C(67) -C(66) 120.4(8) F(10) -P(2) -F(11) 89.1(4) 
C(67) -C(68) -C(69) 122.1(8) F(8) -P(2) -F(11) 90.7(3) 
C(68) -C(69) -C(70) 116.6(9) F(9) -P(2) -F(12) 91.4(4) 
C(65) -C(70) -C(69) 122.2(8) F(7) -P(2) -F(12) 90.8(4) 
C(65) -C(70) -N(4) 109.5(7) F(10) -P(2) -F(12) 90.1(4) 
C(69) -C(70) -N(4) 128.3(8) F(8) -P(2) -F(12) 88.9(3) 
N(4) -C(71) -C(72) 111.2(9) F(11) -P(2) -F(12) 179.1(4) 
C(81) -N(5) -C(88) 111.8(6) F(18) -P(3) -F(17) 178.0(4) 
C(81) -N(5) -C(89) 127.5(7) F(18) -P(3) -F(14) 92.0(4) 
C(88) -N(5) -C(89) 120.5(6) F(17) -P(3) -F(14) 89.7(4) 
C(103) -N(6) -C(110) 110.6(7) F(18) -P(3) -F(15) 90.3(3) 
C(103) -N(6) -C(111) 125.7(7) F(17) -P(3) -F(15) 88.8(4) 
C(110) -N(6) -C(111) 123.6(7) F(14) -P(3) -F(15) 89.5(4) 
N(5) -C(81) -C(93) 121.9(7) F(18) -P(3) -F(13) 89.2(4) 
N(5) -C(81) -C(82) 110.2(7) F(17) -P(3) -F(13) 89.1(3) 
C(93) -C(81) -C(82) 127.9(7) F(14) -P(3) -F(13) 178.8(4) 
C(81) -C(82) -C(83) 100.2(6) F(15) -P(3) -F(13) 90.2(3) 
C(81) -C(82) -C(91) 115.8(6) F(18) -P(3) -F(16) 89.6(4) 
C(83) -C(82) -C(91) 110.1(7) F(17) -P(3) -F(16) 91.4(4) 
C(81) -C(82) -C(92) 108.9(6) F(14) -P(3) -F(16) 91.1(4) 
C(83) -C(82) -C(92) 110.3(6) F(15) -P(3) -F(16) 179.4(4) 
C(91) -C(82) -C(92) 111.0(7) F(13) -P(3) -F(16) 89.3(3) 
C(88) -C(83) -C(84) 120.2(8) F(24) -P(4) -F(20) 90.0(4) 
C(88) -C(83) -C(82) 109.0(7) F(24) -P(4) -F(22) 92.2(4) 
C(84) -C(83) -C(82) 130.8(8) F(20) -P(4) -F(22) 90.1(3) 
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C(85) -C(84) -C(83) 117.2(8) F(24) -P(4) -F(19) 91.0(4) 
C(86) -C(85) -C(84) 121.9(8) F(20) -P(4) -F(19) 178.7(4) 
C(87) -C(86) -C(85) 121.9(8) F(22) -P(4) -F(19) 89.1(4) 
C(86) -C(87) -C(88) 116.7(8) F(24) -P(4) -F(23) 178.8(4) 
C(83) -C(88) -C(87) 122.1(8) F(20) -P(4) -F(23) 90.5(3) 
C(83) -C(88) -N(5) 108.6(7) F(22) -P(4) -F(23) 88.8(4) 
C(87) -C(88) -N(5) 129.3(7) F(19) -P(4) -F(23) 88.4(3) 
N(5) -C(89) -C(90) 109.5(7) F(24) -P(4) -F(21) 90.2(4) 
C(94) -C(93) -C(81) 124.8(7) F(20) -P(4) -F(21) 89.8(3) 
C(93) -C(94) -C(95) 125.7(7) F(22) -P(4) -F(21) 177.6(4) 
C(96) -C(95) -C(94) 122.3(7) F(19) -P(4) -F(21) 90.9(3) 
C(96) -C(95) -C(100) 118.6(7) F(23) -P(4) -F(21) 88.8(3) 
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Table 7.14. Torsion angles (°) in Cy7P with standard uncertainties in parentheses. 
C(8) -N(1) -C(1) -C(13) 170.8(7) C(88) -N(5) -C(81) -C(93) -176.2(7) 
C(9) -N(1) -C(1) -C(13) -4(1) C(89) -N(5) -C(81) -C(93) 9(1) 
C(8) -N(1) -C(1) -C(2) -8.9(8) C(88) -N(5) -C(81) -C(82) 4.9(9) 
C(9) -N(1) -C(1) -C(2) 176.1(7) C(89) -N(5) -C(81) -C(82) -170.0(7) 
N(1) -C(1) -C(2) -C(3) 7.3(8) N(5) -C(81) -C(82) -C(83) -5.0(8) 
C(13) -C(1) -C(2) -C(3) -172.3(8) C(93) -C(81) -C(82) -C(83) 176.1(8) 
N(1) -C(1) -C(2) -C(11) -109.1(7) N(5) -C(81) -C(82) -C(91) -123.4(7) 
C(13) -C(1) -C(2) -C(11) 71(1) C(93) -C(81) -C(82) -C(91) 58(1) 
N(1) -C(1) -C(2) -C(12) 125.8(7) N(5) -C(81) -C(82) -C(92) 110.6(7) 
C(13) -C(1) -C(2) -C(12) -54(1) C(93) -C(81) -C(82) -C(92) -68(1) 
C(11) -C(2) -C(3) -C(8) 111.8(8) C(81) -C(82) -C(83) -C(88) 3.6(8) 
C(12) -C(2) -C(3) -C(8) -124.5(7) C(91) -C(82) -C(83) -C(88) 126.1(7) 
C(1) -C(2) -C(3) -C(8) -3.4(8) C(92) -C(82) -C(83) -C(88) -111.0(8) 
C(11) -C(2) -C(3) -C(4) -70(1) C(81) -C(82) -C(83) -C(84) -175.3(9) 
C(12) -C(2) -C(3) -C(4) 54(1) C(91) -C(82) -C(83) -C(84) -53(1) 
C(1) -C(2) -C(3) -C(4) 175.1(8) C(92) -C(82) -C(83) -C(84) 70(1) 
C(8) -C(3) -C(4) -C(5) 0(1) C(88) -C(83) -C(84) -C(85) 1(1) 
C(2) -C(3) -C(4) -C(5) -178.4(8) C(82) -C(83) -C(84) -C(85) 179.7(8) 
C(3) -C(4) -C(5) -C(6) 1(1) C(83) -C(84) -C(85) -C(86) 0(1) 
C(4) -C(5) -C(6) -C(7) -2(1) C(84) -C(85) -C(86) -C(87) -1(1) 
C(5) -C(6) -C(7) -C(8) 2(1) C(85) -C(86) -C(87) -C(88) -0(1) 
C(4) -C(3) -C(8) -N(1) 179.9(7) C(84) -C(83) -C(88) -C(87) -2(1) 
C(2) -C(3) -C(8) -N(1) -1.4(9) C(82) -C(83) -C(88) -C(87) 179.0(7) 
C(4) -C(3) -C(8) -C(7) 0(1) C(84) -C(83) -C(88) -N(5) 177.9(7) 
C(2) -C(3) -C(8) -C(7) 178.8(7) C(82) -C(83) -C(88) -N(5) -1.1(9) 
C(1) -N(1) -C(8) -C(3) 6.7(9) C(86) -C(87) -C(88) -C(83) 2(1) 
C(9) -N(1) -C(8) -C(3) -178.2(7) C(86) -C(87) -C(88) -N(5) -178.2(8) 
C(1) -N(1) -C(8) -C(7) -173.6(8) C(81) -N(5) -C(88) -C(83) -2.3(9) 
C(9) -N(1) -C(8) -C(7) 2(1) C(89) -N(5) -C(88) -C(83) 172.9(7) 
C(6) -C(7) -C(8) -C(3) -1(1) C(81) -N(5) -C(88) -C(87) 177.5(8) 
C(6) -C(7) -C(8) -N(1) 179.1(7) C(89) -N(5) -C(88) -C(87) -7(1) 
C(1) -N(1) -C(9) -C(10) 83.9(9) C(81) -N(5) -C(89) -C(90) 96.1(9) 
C(8) -N(1) -C(9) -C(10) -90.6(9) C(88) -N(5) -C(89) -C(90) -78.3(9) 
N(1) -C(1) -C(13) -C(14) -175.7(8) N(5) -C(81) -C(93) -C(94) 176.3(8) 
C(2) -C(1) -C(13) -C(14) 4(1) C(82) -C(81) -C(93) -C(94) -5(1) 
C(1) -C(13) -C(14) -C(15) 172.9(8) C(81) -C(93) -C(94) -C(95) -174.1(8) 
C(13) -C(14) -C(15) -C(16) -178.6(8) C(93) -C(94) -C(95) -C(96) 172.7(8) 
C(13) -C(14) -C(15) -C(20) 3(1) C(93) -C(94) -C(95) -C(100) -6(1) 
C(14) -C(15) -C(16) -C(17) -178.1(8) C(94) -C(95) -C(96) -C(97) 175.9(8) 
C(20) -C(15) -C(16) -C(17) 1(1) C(100) -C(95) -C(96) -C(97) -6(1) 
C(14) -C(15) -C(16) -Cl(1) 4(1) C(94) -C(95) -C(96) -Cl(3) -3(1) 
C(20) -C(15) -C(16) -Cl(1) -176.9(6) C(100) -C(95) -C(96) -Cl(3) 175.7(6) 
C(15) -C(16) -C(17) -C(21) -177.9(8) C(95) -C(96) -C(97) -C(101) 175.3(8) 
Cl(1) -C(16) -C(17) -C(21) -0(1) Cl(3) -C(96) -C(97) -C(101) -6(1) 
C(15) -C(16) -C(17) -C(18) 8(1) C(95) -C(96) -C(97) -C(98) -2(1) 
Cl(1) -C(16) -C(17) -C(18) -174.8(7) Cl(3) -C(96) -C(97) -C(98) 176.7(6) 
C(21) -C(17) -C(18) -C(19) 150.5(9) C(101) -C(97) -C(98) -C(99) -144.6(8) 
C(16) -C(17) -C(18) -C(19) -35(1) C(96) -C(97) -C(98) -C(99) 33(1) 
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C(17) -C(18) -C(19) -C(20) 54(1) C(97) -C(98) -C(99) -C(100) -56(1) 
C(16) -C(15) -C(20) -C(19) 18(1) C(98) -C(99) -C(100) -C(95) 48(1) 
C(14) -C(15) -C(20) -C(19) -163.4(9) C(96) -C(95) -C(100) -C(99) -18(1) 
C(18) -C(19) -C(20) -C(15) -46(1) C(94) -C(95) -C(100) -C(99) 160.6(7) 
C(16) -C(17) -C(21) -C(22) -170.6(8) C(96) -C(97) -C(101) -C(102) 173.8(8) 
C(18) -C(17) -C(21) -C(22) 4(1) C(98) -C(97) -C(101) -C(102) -9(1) 
C(17) -C(21) -C(22) -C(23) 174.4(9) C(97) -C(101) -C(102) -C(103) 178.5(8) 
C(21) -C(22) -C(23) -N(2) -174.0(9) C(110) -N(6) -C(103) -C(102) 173.0(7) 
C(21) -C(22) -C(23) -C(24) 5(2) C(111) -N(6) -C(103) -C(102) -5(1) 
C(30) -N(2) -C(23) -C(22) -176.1(9) C(110) -N(6) -C(103) -C(104) -5.8(9) 
C(31) -N(2) -C(23) -C(22) 8(2) C(111) -N(6) -C(103) -C(104) 175.9(7) 
C(30) -N(2) -C(23) -C(24) 5(1) C(101) -C(102) -C(103) -N(6) 172.2(7) 
C(31) -N(2) -C(23) -C(24) -170.7(8) C(101) -C(102) -C(103) -C(104) -9(1) 
C(22) -C(23) -C(24) -C(34) 58(1) N(6) -C(103) -C(104) -C(105) 5.5(8) 
N(2) -C(23) -C(24) -C(34) -123.4(8) C(102) -C(103) -C(104) -C(105) -173.2(8) 
C(22) -C(23) -C(24) -C(25) 175.2(9) N(6) -C(103) -C(104) -C(114) 124.6(7) 
N(2) -C(23) -C(24) -C(25) -5.7(9) C(102) -C(103) -C(104) -C(114) -54(1) 
C(22) -C(23) -C(24) -C(33) -69(1) N(6) -C(103) -C(104) -C(113) -108.6(7) 
N(2) -C(23) -C(24) -C(33) 110.1(8) C(102) -C(103) -C(104) -C(113) 73(1) 
C(34) -C(24) -C(25) -C(26) -60(1) C(103) -C(104) -C(105) -C(106) 177.4(9) 
C(33) -C(24) -C(25) -C(26) 64(1) C(114) -C(104) -C(105) -C(106) 57(1) 
C(23) -C(24) -C(25) -C(26) -178.8(9) C(113) -C(104) -C(105) -C(106) -67(1) 
C(34) -C(24) -C(25) -C(30) 124.0(8) C(103) -C(104) -C(105) -C(110) -3.3(8) 
C(33) -C(24) -C(25) -C(30) -112.8(8) C(114) -C(104) -C(105) -C(110) -123.7(8) 
C(23) -C(24) -C(25) -C(30) 4.9(9) C(113) -C(104) -C(105) -C(110) 112.6(8) 
C(30) -C(25) -C(26) -C(27) -0(1) C(110) -C(105) -C(106) -C(107) 0(1) 
C(24) -C(25) -C(26) -C(27) -176.3(8) C(104) -C(105) -C(106) -C(107) 179.5(8) 
C(25) -C(26) -C(27) -C(28) 0(1) C(105) -C(106) -C(107) -C(108) -1(1) 
C(26) -C(27) -C(28) -C(29) 1(1) C(106) -C(107) -C(108) -C(109) 2(1) 
C(27) -C(28) -C(29) -C(30) -1(1) C(107) -C(108) -C(109) -C(110) -2(1) 
C(26) -C(25) -C(30) -C(29) -0(1) C(103) -N(6) -C(110) -C(105) 3.7(9) 
C(24) -C(25) -C(30) -C(29) 176.6(8) C(111) -N(6) -C(110) -C(105) -178.1(7) 
C(26) -C(25) -C(30) -N(2) -179.2(8) C(103) -N(6) -C(110) -C(109) -176.3(8) 
C(24) -C(25) -C(30) -N(2) -2(1) C(111) -N(6) -C(110) -C(109) 2(1) 
C(28) -C(29) -C(30) -C(25) 1(1) C(106) -C(105) -C(110) -N(6) 179.5(8) 
C(28) -C(29) -C(30) -N(2) 179.7(9) C(104) -C(105) -C(110) -N(6) 0.1(9) 
C(23) -N(2) -C(30) -C(25) -2(1) C(106) -C(105) -C(110) -C(109) -1(1) 
C(31) -N(2) -C(30) -C(25) 174.1(8) C(104) -C(105) -C(110) -C(109) -179.9(8) 
C(23) -N(2) -C(30) -C(29) 179.4(9) C(108) -C(109) -C(110) -N(6) -178.6(8) 
C(31) -N(2) -C(30) -C(29) -5(2) C(108) -C(109) -C(110) -C(105) 1(1) 
C(23) -N(2) -C(31) -C(32) -97(1) C(103) -N(6) -C(111) -C(112) 89(1) 
C(30) -N(2) -C(31) -C(32) 88(1) C(110) -N(6) -C(111) -C(112) -89(1) 
C(48) -N(3) -C(41) -C(53) 172.2(7) C(128) -N(7) -C(121) -C(133) 173.1(8) 
C(49) -N(3) -C(41) -C(53) -8(1) C(129) -N(7) -C(121) -C(133) -3(1) 
C(48) -N(3) -C(41) -C(42) -6.7(9) C(128) -N(7) -C(121) -C(122) -5.5(9) 
C(49) -N(3) -C(41) -C(42) 173.1(7) C(129) -N(7) -C(121) -C(122) 178.9(7) 
N(3) -C(41) -C(42) -C(43) 5.8(9) C(133) -C(121) -C(122) -C(123) -172.0(8) 
C(53) -C(41) -C(42) -C(43) -172.9(8) N(7) -C(121) -C(122) -C(123) 6.5(8) 
N(3) -C(41) -C(42) -C(52) -109.9(7) C(133) -C(121) -C(122) -C(131) -55(1) 
C(53) -C(41) -C(42) -C(52) 71(1) N(7) -C(121) -C(122) -C(131) 123.6(7) 
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N(3) -C(41) -C(42) -C(51) 124.8(7) C(133) -C(121) -C(122) -C(132) 71(1) 
C(53) -C(41) -C(42) -C(51) -54(1) N(7) -C(121) -C(122) -C(132) -111.0(7) 
C(41) -C(42) -C(43) -C(44) 172.9(9) C(131) -C(122) -C(123) -C(124) 59(1) 
C(52) -C(42) -C(43) -C(44) -72(1) C(132) -C(122) -C(123) -C(124) -66(1) 
C(51) -C(42) -C(43) -C(44) 51(1) C(121) -C(122) -C(123) -C(124) 176.4(9) 
C(41) -C(42) -C(43) -C(48) -2.8(9) C(131) -C(122) -C(123) -C(128) -122.7(8) 
C(52) -C(42) -C(43) -C(48) 112.7(8) C(132) -C(122) -C(123) -C(128) 112.3(8) 
C(51) -C(42) -C(43) -C(48) -124.9(7) C(121) -C(122) -C(123) -C(128) -5.4(9) 
C(48) -C(43) -C(44) -C(45) -3(1) C(128) -C(123) -C(124) -C(125) -1(1) 
C(42) -C(43) -C(44) -C(45) -178.0(8) C(122) -C(123) -C(124) -C(125) 176.8(9) 
C(43) -C(44) -C(45) -C(46) 4(1) C(123) -C(124) -C(125) -C(126) -0(1) 
C(44) -C(45) -C(46) -C(47) -3(1) C(124) -C(125) -C(126) -C(127) 2(1) 
C(45) -C(46) -C(47) -C(48) 1(1) C(125) -C(126) -C(127) -C(128) -1(1) 
C(44) -C(43) -C(48) -C(47) 1(1) C(126) -C(127) -C(128) -C(123) -0(1) 
C(42) -C(43) -C(48) -C(47) 176.9(7) C(126) -C(127) -C(128) -N(7) -179.5(8) 
C(44) -C(43) -C(48) -N(3) -177.1(7) C(124) -C(123) -C(128) -C(127) 1(1) 
C(42) -C(43) -C(48) -N(3) -0.9(9) C(122) -C(123) -C(128) -C(127) -177.0(7) 
C(46) -C(47) -C(48) -C(43) 0(1) C(124) -C(123) -C(128) -N(7) -179.1(7) 
C(46) -C(47) -C(48) -N(3) 177.7(7) C(122) -C(123) -C(128) -N(7) 2.5(9) 
C(41) -N(3) -C(48) -C(43) 4.7(9) C(121) -N(7) -C(128) -C(127) -178.5(8) 
C(49) -N(3) -C(48) -C(43) -175.1(7) C(129) -N(7) -C(128) -C(127) -3(1) 
C(41) -N(3) -C(48) -C(47) -172.9(8) C(121) -N(7) -C(128) -C(123) 2.0(9) 
C(49) -N(3) -C(48) -C(47) 7(1) C(129) -N(7) -C(128) -C(123) 177.7(7) 
C(41) -N(3) -C(49) -C(50) 88(1) C(121) -N(7) -C(129) -C(130) 89(1) 
C(48) -N(3) -C(49) -C(50) -92.0(8) C(128) -N(7) -C(129) -C(130) -86(1) 
N(3) -C(41) -C(53) -C(54) -174.1(8) N(7) -C(121) -C(133) -C(134) 175.0(7) 
C(42) -C(41) -C(53) -C(54) 5(1) C(122) -C(121) -C(133) -C(134) -7(1) 
C(41) -C(53) -C(54) -C(55) 173.7(8) C(121) -C(133) -C(134) -C(135) 177.2(8) 
C(53) -C(54) -C(55) -C(56) -177.4(8) C(133) -C(134) -C(135) -C(136) 170.6(8) 
C(53) -C(54) -C(55) -C(60) 1(1) C(133) -C(134) -C(135) -C(140) -6(1) 
C(54) -C(55) -C(56) -C(57) -174.8(8) C(134) -C(135) -C(136) -C(137) 177.6(8) 
C(60) -C(55) -C(56) -C(57) 7(1) C(140) -C(135) -C(136) -C(137) -5(1) 
C(54) -C(55) -C(56) -Cl(2) 3(1) C(134) -C(135) -C(136) -Cl(4) -2(1) 
C(60) -C(55) -C(56) -Cl(2) -175.2(6) C(140) -C(135) -C(136) -Cl(4) 175.3(6) 
C(55) -C(56) -C(57) -C(61) 179.8(8) C(135) -C(136) -C(137) -C(141) 178.3(7) 
Cl(2) -C(56) -C(57) -C(61) 2(1) Cl(4) -C(136) -C(137) -C(141) -2(1) 
C(55) -C(56) -C(57) -C(58) 3(1) C(135) -C(136) -C(137) -C(138) -4(1) 
Cl(2) -C(56) -C(57) -C(58) -175.5(8) Cl(4) -C(136) -C(137) -C(138) 175.2(6) 
C(61) -C(57) -C(58) -C(59) 147.9(8) C(136) -C(137) -C(138) -C(139) -19(1) 
C(56) -C(57) -C(58) -C(59) -35(1) C(141) -C(137) -C(138) -C(139) 158.7(7) 
C(57) -C(58) -C(59) -C(60) 57(1) C(137) -C(138) -C(139) -C(140) 50.4(9) 
C(54) -C(55) -C(60) -C(59) -161.2(8) C(138) -C(139) -C(140) -C(135) -59.5(8) 
C(56) -C(55) -C(60) -C(59) 17(1) C(134) -C(135) -C(140) -C(139) -145.9(7) 
C(58) -C(59) -C(60) -C(55) -48(1) C(136) -C(135) -C(140) -C(139) 36.9(9) 
C(56) -C(57) -C(61) -C(62) -174.7(8) C(136) -C(137) -C(141) -C(142) 175.1(8) 
C(58) -C(57) -C(61) -C(62) 2(1) C(138) -C(137) -C(141) -C(142) -3(1) 
C(57) -C(61) -C(62) -C(63) 175.1(9) C(137) -C(141) -C(142) -C(143) -174.3(7) 
C(70) -N(4) -C(63) -C(62) -175.9(8) C(150) -N(8) -C(143) -C(142) -178.6(7) 
C(71) -N(4) -C(63) -C(62) 3(1) C(151) -N(8) -C(143) -C(142) 7(1) 
C(70) -N(4) -C(63) -C(64) 4(1) C(150) -N(8) -C(143) -C(144) 2.4(8) 
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C(71) -N(4) -C(63) -C(64) -176.5(8) C(151) -N(8) -C(143) -C(144) -172.4(7) 
C(61) -C(62) -C(63) -N(4) -172.6(8) C(141) -C(142) -C(143) -N(8) 173.4(7) 
C(61) -C(62) -C(63) -C(64) 7(1) C(141) -C(142) -C(143) -C(144) -8(1) 
N(4) -C(63) -C(64) -C(65) -4.6(9) N(8) -C(143) -C(144) -C(145) -4.0(8) 
C(62) -C(63) -C(64) -C(65) 175.5(9) C(142) -C(143) -C(144) -C(145) 177.2(8) 
N(4) -C(63) -C(64) -C(73) -124.3(7) N(8) -C(143) -C(144) -C(153) -123.2(7) 
C(62) -C(63) -C(64) -C(73) 56(1) C(142) -C(143) -C(144) -C(153) 58(1) 
N(4) -C(63) -C(64) -C(74) 110.0(8) N(8) -C(143) -C(144) -C(154) 112.1(7) 
C(62) -C(63) -C(64) -C(74) -70(1) C(142) -C(143) -C(144) -C(154) -67(1) 
C(63) -C(64) -C(65) -C(66) -178(1) C(143) -C(144) -C(145) -C(146) -175.6(9) 
C(73) -C(64) -C(65) -C(66) -58(1) C(153) -C(144) -C(145) -C(146) -54(1) 
C(74) -C(64) -C(65) -C(66) 66(1) C(154) -C(144) -C(145) -C(146) 70(1) 
C(63) -C(64) -C(65) -C(70) 3.3(9) C(143) -C(144) -C(145) -C(150) 4.1(8) 
C(73) -C(64) -C(65) -C(70) 123.3(8) C(153) -C(144) -C(145) -C(150) 126.2(7) 
C(74) -C(64) -C(65) -C(70) -112.9(9) C(154) -C(144) -C(145) -C(150) -110.3(7) 
C(70) -C(65) -C(66) -C(67) 0(1) C(150) -C(145) -C(146) -C(147) -1(1) 
C(64) -C(65) -C(66) -C(67) -178.4(9) C(144) -C(145) -C(146) -C(147) 178.8(8) 
C(65) -C(66) -C(67) -C(68) -2(1) C(145) -C(146) -C(147) -C(148) 1(1) 
C(66) -C(67) -C(68) -C(69) 2(1) C(146) -C(147) -C(148) -C(149) -1(1) 
C(67) -C(68) -C(69) -C(70) -0(1) C(147) -C(148) -C(149) -C(150) 1(1) 
C(66) -C(65) -C(70) -C(69) 2(1) C(148) -C(149) -C(150) -C(145) -1(1) 
C(64) -C(65) -C(70) -C(69) -179.4(8) C(148) -C(149) -C(150) -N(8) -175.9(7) 
C(66) -C(65) -C(70) -N(4) -179.9(8) C(146) -C(145) -C(150) -C(149) 1(1) 
C(64) -C(65) -C(70) -N(4) -1(1) C(144) -C(145) -C(150) -C(149) -179.0(7) 
C(68) -C(69) -C(70) -C(65) -2(1) C(146) -C(145) -C(150) -N(8) 176.8(7) 
C(68) -C(69) -C(70) -N(4) -179.7(9) C(144) -C(145) -C(150) -N(8) -3.0(8) 
C(63) -N(4) -C(70) -C(65) -2(1) C(143) -N(8) -C(150) -C(149) 176.1(8) 
C(71) -N(4) -C(70) -C(65) 178.7(8) C(151) -N(8) -C(150) -C(149) -9(1) 
C(63) -N(4) -C(70) -C(69) 176.1(9) C(143) -N(8) -C(150) -C(145) 0.4(9) 
C(71) -N(4) -C(70) -C(69) -3(1) C(151) -N(8) -C(150) -C(145) 175.6(7) 
C(63) -N(4) -C(71) -C(72) -95(1) C(143) -N(8) -C(151) -C(152) 97.0(9) 
C(70) -N(4) -C(71) -C(72) 84(1) C(150) -N(8) -C(151) -C(152) -77.4(9) 
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Table 7.15. Bond lengths (Å) in Cy7T with standard uncertainties in parentheses. 
Cl(1) -C(16) 1.756(3)  Cl(2) -C(36) 1.718(3) 
N(1) -C(1) 1.344(4)  Cl(3) -C(37) 1.726(3) 
N(1) -C(8) 1.406(5)  Cl(4) -C(38) 1.719(3) 
N(1) -C(9) 1.471(4)  Cl(5) -C(39) 1.711(3) 
N(2) -C(23) 1.355(5)  Cl(6) -C(42) 1.715(4) 
N(2) -C(30) 1.418(5)  Cl(7) -C(43) 1.736(4) 
N(2) -C(31) 1.462(5)  Cl(8) -C(44) 1.733(4) 
C(1) -C(13) 1.391(5)  Cl(9) -C(45) 1.710(4) 
C(1) -C(2) 1.531(4)  Cl(10) -C(48) 1.713(3) 
C(2) -C(3) 1.512(5)  Cl(11) -C(49) 1.718(3) 
C(2) -C(12) 1.530(5)  Cl(12) -C(50) 1.719(3) 
C(2) -C(11) 1.560(5)  Cl(13) -C(51) 1.725(3) 
C(3) -C(4) 1.383(5)  P(1) -O(2) 1.699(2) 
C(3) -C(8) 1.388(5)  P(1) -O(6) 1.710(2) 
C(4) -C(5) 1.396(6)  P(1) -O(1) 1.714(2) 
C(5) -C(6) 1.377(7)  P(1) -O(4) 1.720(2) 
C(6) -C(7) 1.394(6)  P(1) -O(5) 1.724(2) 
C(7) -C(8) 1.389(5)  P(1) -O(3) 1.725(2) 
C(9) -C(10) 1.507(5)  O(1) -C(35) 1.349(4) 
C(13) -C(14) 1.389(4)  O(2) -C(40) 1.353(4) 
C(14) -C(15) 1.394(5)  O(3) -C(41) 1.348(4) 
C(15) -C(16) 1.406(4)  O(4) -C(46) 1.352(4) 
C(15) -C(20) 1.515(5)  O(5) -C(47) 1.348(4) 
C(16) -C(17) 1.401(5)  O(6) -C(52) 1.349(4) 
C(17) -C(21) 1.399(5)  C(35) -C(36) 1.381(5) 
C(17) -C(18) 1.508(5)  C(35) -C(40) 1.389(4) 
C(18) -C(19b) 1.515(5)  C(36) -C(37) 1.406(4) 
C(18) -C(19a) 1.524(4)  C(37) -C(38) 1.384(5) 
C(19a) -C(20) 1.514(4)  C(38) -C(39) 1.400(5) 
C(19b) -C(20) 1.520(5)  C(39) -C(40) 1.374(5) 
C(21) -C(22) 1.388(5)  C(41) -C(42) 1.378(5) 
C(22) -C(23) 1.389(5)  C(41) -C(46) 1.396(5) 
C(23) -C(24) 1.523(5)  C(42) -C(43) 1.389(6) 
C(24) -C(25) 1.508(5)  C(43) -C(44) 1.396(7) 
C(24) -C(33) 1.528(5)  C(44) -C(45) 1.400(5) 
C(24) -C(34) 1.544(5)  C(45) -C(46) 1.371(5) 
C(25) -C(30) 1.380(6)  C(47) -C(48) 1.369(5) 
C(25) -C(26) 1.395(6)  C(47) -C(52) 1.398(4) 
C(26) -C(27) 1.409(6)  C(48) -C(49) 1.413(4) 
C(27) -C(28) 1.370(7)  C(49) -C(50) 1.383(5) 
C(28) -C(29) 1.396(7)  C(50) -C(51) 1.404(5) 
C(29) -C(30) 1.392(5)  C(51) -C(52) 1.380(4) 
C(31) -C(32) 1.514(6)     
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Table 7.16. Bond angles (°) in Cy7T with standard uncertainties in parentheses. 
C(1) -N(1) -C(8) 112.1(3) O(1) -P(1) -O(4) 89.55(11) 
C(1) -N(1) -C(9) 126.2(3) O(2) -P(1) -O(5) 88.33(11) 
C(8) -N(1) -C(9) 121.7(3) O(6) -P(1) -O(5) 91.01(11) 
C(23) -N(2) -C(30) 111.3(3) O(1) -P(1) -O(5) 178.37(11) 
C(23) -N(2) -C(31) 125.2(3) O(4) -P(1) -O(5) 91.37(11) 
C(30) -N(2) -C(31) 123.1(3) O(2) -P(1) -O(3) 88.08(11) 
N(1) -C(1) -C(13) 122.7(3) O(6) -P(1) -O(3) 178.08(11) 
N(1) -C(1) -C(2) 108.6(3) O(1) -P(1) -O(3) 92.74(11) 
C(13) -C(1) -C(2) 128.7(3) O(4) -P(1) -O(3) 90.56(11) 
C(3) -C(2) -C(12) 110.1(3) O(5) -P(1) -O(3) 88.61(11) 
C(3) -C(2) -C(1) 101.5(3) C(35) -O(1) -P(1) 110.90(19) 
C(12) -C(2) -C(1) 111.4(3) C(40) -O(2) -P(1) 111.5(2) 
C(3) -C(2) -C(11) 109.2(3) C(41) -O(3) -P(1) 111.57(19) 
C(12) -C(2) -C(11) 111.5(3) C(46) -O(4) -P(1) 111.2(2) 
C(1) -C(2) -C(11) 112.8(3) C(47) -O(5) -P(1) 111.02(19) 
C(4) -C(3) -C(8) 119.6(4) C(52) -O(6) -P(1) 111.34(19) 
C(4) -C(3) -C(2) 131.2(3) O(1) -C(35) -C(36) 126.7(3) 
C(8) -C(3) -C(2) 109.2(3) O(1) -C(35) -C(40) 112.9(3) 
C(3) -C(4) -C(5) 118.1(4) C(36) -C(35) -C(40) 120.4(3) 
C(6) -C(5) -C(4) 121.5(4) C(35) -C(36) -C(37) 118.0(3) 
C(5) -C(6) -C(7) 121.4(4) C(35) -C(36) -Cl(2) 121.5(2) 
C(8) -C(7) -C(6) 116.3(4) C(37) -C(36) -Cl(2) 120.5(2) 
C(3) -C(8) -C(7) 123.2(3) C(38) -C(37) -C(36) 120.9(3) 
C(3) -C(8) -N(1) 108.6(3) C(38) -C(37) -Cl(3) 119.8(3) 
C(7) -C(8) -N(1) 128.2(3) C(36) -C(37) -Cl(3) 119.3(3) 
N(1) -C(9) -C(10) 111.5(3) C(37) -C(38) -C(39) 120.4(3) 
C(14) -C(13) -C(1) 123.2(3) C(37) -C(38) -Cl(4) 120.3(3) 
C(13) -C(14) -C(15) 125.8(3) C(39) -C(38) -Cl(4) 119.3(3) 
C(14) -C(15) -C(16) 121.6(3) C(40) -C(39) -C(38) 118.0(3) 
C(14) -C(15) -C(20) 120.6(3) C(40) -C(39) -Cl(5) 120.1(3) 
C(16) -C(15) -C(20) 117.8(3) C(38) -C(39) -Cl(5) 121.9(3) 
C(17) -C(16) -C(15) 125.4(3) O(2) -C(40) -C(39) 125.7(3) 
C(17) -C(16) -Cl(1) 117.4(2) O(2) -C(40) -C(35) 112.4(3) 
C(15) -C(16) -Cl(1) 117.2(3) C(39) -C(40) -C(35) 121.9(3) 
C(21) -C(17) -C(16) 121.7(3) O(3) -C(41) -C(42) 126.1(3) 
C(21) -C(17) -C(18) 121.0(3) O(3) -C(41) -C(46) 112.7(3) 
C(16) -C(17) -C(18) 117.2(3) C(42) -C(41) -C(46) 121.2(3) 
C(17) -C(18) -C(19b) 115.1(7) C(41) -C(42) -C(43) 118.1(4) 
C(17) -C(18) -C(19a) 111.2(3) C(41) -C(42) -Cl(6) 119.6(3) 
C(20) -C(19a) -C(18) 111.2(4) C(43) -C(42) -Cl(6) 122.3(3) 
C(18) -C(19b) -C(20) 111.4(5) C(42) -C(43) -C(44) 120.8(3) 
C(19a) -C(20) -C(15) 112.0(3) C(42) -C(43) -Cl(7) 119.4(3) 
C(15) -C(20) -C(19b) 112.7(7) C(44) -C(43) -Cl(7) 119.8(3) 
C(22) -C(21) -C(17) 126.7(3) C(43) -C(44) -C(45) 120.6(3) 
C(21) -C(22) -C(23) 122.7(3) C(43) -C(44) -Cl(8) 120.3(3) 
N(2) -C(23) -C(22) 123.3(3) C(45) -C(44) -Cl(8) 119.1(3) 
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N(2) -C(23) -C(24) 108.6(3) C(46) -C(45) -C(44) 118.0(4) 
C(22) -C(23) -C(24) 128.0(3) C(46) -C(45) -Cl(9) 119.6(3) 
C(25) -C(24) -C(23) 101.9(3) C(44) -C(45) -Cl(9) 122.3(3) 
C(25) -C(24) -C(33) 110.2(3) O(4) -C(46) -C(45) 125.8(3) 
C(23) -C(24) -C(33) 114.2(3) O(4) -C(46) -C(41) 113.1(3) 
C(25) -C(24) -C(34) 109.1(3) C(45) -C(46) -C(41) 121.2(3) 
C(23) -C(24) -C(34) 109.9(3) O(5) -C(47) -C(48) 126.1(3) 
C(33) -C(24) -C(34) 111.1(4) O(5) -C(47) -C(52) 112.8(3) 
C(30) -C(25) -C(26) 120.4(3) C(48) -C(47) -C(52) 121.0(3) 
C(30) -C(25) -C(24) 109.5(3) C(47) -C(48) -C(49) 118.4(3) 
C(26) -C(25) -C(24) 130.1(4) C(47) -C(48) -Cl(10) 120.4(2) 
C(25) -C(26) -C(27) 117.6(4) C(49) -C(48) -Cl(10) 121.2(3) 
C(28) -C(27) -C(26) 120.6(4) C(50) -C(49) -C(48) 120.7(3) 
C(27) -C(28) -C(29) 122.5(4) C(50) -C(49) -Cl(11) 119.8(3) 
C(30) -C(29) -C(28) 116.1(4) C(48) -C(49) -Cl(11) 119.4(3) 
C(25) -C(30) -C(29) 122.7(4) C(49) -C(50) -C(51) 120.2(3) 
C(25) -C(30) -N(2) 108.7(3) C(49) -C(50) -Cl(12) 120.6(3) 
C(29) -C(30) -N(2) 128.6(4) C(51) -C(50) -Cl(12) 119.2(3) 
N(2) -C(31) -C(32) 111.0(4) C(52) -C(51) -C(50) 118.8(3) 
O(2) -P(1) -O(6) 93.79(11) C(52) -C(51) -Cl(13) 119.2(3) 
O(2) -P(1) -O(1) 90.79(11) C(50) -C(51) -Cl(13) 122.0(3) 
O(6) -P(1) -O(1) 87.67(11) O(6) -C(52) -C(51) 126.1(3) 
O(2) -P(1) -O(4) 178.61(11) O(6) -C(52) -C(47) 113.1(3) 
O(6) -P(1) -O(4) 87.57(11) C(51) -C(52) -C(47) 120.8(3) 
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Table 7.17. Torsion angles (°) in Cy7T with standard uncertainties in parentheses. 
C(8) -N(1) -C(1) -C(13) -179.8(3) O(6) -P(1) -O(2) -C(40) 98.6(2) 
C(9) -N(1) -C(1) -C(13) -0.9(5) O(1) -P(1) -O(2) -C(40) 10.9(2) 
C(8) -N(1) -C(1) -C(2) 0.6(4) O(5) -P(1) -O(2) -C(40) -170.5(2) 
C(9) -N(1) -C(1) -C(2) 179.6(3) O(3) -P(1) -O(2) -C(40) -81.8(2) 
N(1) -C(1) -C(2) -C(3) -1.1(4) O(2) -P(1) -O(3) -C(41) -172.5(2) 
C(13) -C(1) -C(2) -C(3) 179.4(3) O(1) -P(1) -O(3) -C(41) 96.8(2) 
N(1) -C(1) -C(2) -C(12) 116.0(3) O(4) -P(1) -O(3) -C(41) 7.3(2) 
C(13) -C(1) -C(2) -C(12) -63.5(5) O(5) -P(1) -O(3) -C(41) -84.1(2) 
N(1) -C(1) -C(2) -C(11) -117.7(3) O(6) -P(1) -O(4) -C(46) 170.7(2) 
C(13) -C(1) -C(2) -C(11) 62.8(5) O(1) -P(1) -O(4) -C(46) -101.6(2) 
C(12) -C(2) -C(3) -C(4) 64.6(5) O(5) -P(1) -O(4) -C(46) 79.7(2) 
C(1) -C(2) -C(3) -C(4) -177.4(4) O(3) -P(1) -O(4) -C(46) -8.9(2) 
C(11) -C(2) -C(3) -C(4) -58.1(5) O(2) -P(1) -O(5) -C(47) -101.6(2) 
C(12) -C(2) -C(3) -C(8) -116.9(3) O(6) -P(1) -O(5) -C(47) -7.8(2) 
C(1) -C(2) -C(3) -C(8) 1.2(4) O(4) -P(1) -O(5) -C(47) 79.8(2) 
C(11) -C(2) -C(3) -C(8) 120.5(3) O(3) -P(1) -O(5) -C(47) 170.3(2) 
C(8) -C(3) -C(4) -C(5) 0.5(6) O(2) -P(1) -O(6) -C(52) 95.8(2) 
C(2) -C(3) -C(4) -C(5) 179.0(4) O(1) -P(1) -O(6) -C(52) -173.5(2) 
C(3) -C(4) -C(5) -C(6) 0.2(6) O(4) -P(1) -O(6) -C(52) -83.9(2) 
C(4) -C(5) -C(6) -C(7) -0.5(7) O(5) -P(1) -O(6) -C(52) 7.4(2) 
C(5) -C(6) -C(7) -C(8) -0.1(6) P(1) -O(1) -C(35) -C(36) -173.2(3) 
C(4) -C(3) -C(8) -C(7) -1.1(6) P(1) -O(1) -C(35) -C(40) 8.7(3) 
C(2) -C(3) -C(8) -C(7) -179.9(3) O(1) -C(35) -C(36) -C(37) 175.7(3) 
C(4) -C(3) -C(8) -N(1) 177.8(3) C(40) -C(35) -C(36) -C(37) -6.3(5) 
C(2) -C(3) -C(8) -N(1) -0.9(4) O(1) -C(35) -C(36) -Cl(2) -5.5(5) 
C(6) -C(7) -C(8) -C(3) 0.9(5) C(40) -C(35) -C(36) -Cl(2) 172.5(2) 
C(6) -C(7) -C(8) -N(1) -177.9(3) C(35) -C(36) -C(37) -C(38) 6.3(5) 
C(1) -N(1) -C(8) -C(3) 0.2(4) Cl(2) -C(36) -C(37) -C(38) -172.5(3) 
C(9) -N(1) -C(8) -C(3) -178.8(3) C(35) -C(36) -C(37) -Cl(3) -171.4(2) 
C(1) -N(1) -C(8) -C(7) 179.1(3) Cl(2) -C(36) -C(37) -Cl(3) 9.9(4) 
C(9) -N(1) -C(8) -C(7) 0.0(5) C(36) -C(37) -C(38) -C(39) -0.5(5) 
C(1) -N(1) -C(9) -C(10) 93.9(4) Cl(3) -C(37) -C(38) -C(39) 177.2(3) 
C(8) -N(1) -C(9) -C(10) -87.2(4) C(36) -C(37) -C(38) -Cl(4) 179.9(3) 
N(1) -C(1) -C(13) -C(14) 171.3(3) Cl(3) -C(37) -C(38) -Cl(4) -2.4(4) 
C(2) -C(1) -C(13) -C(14) -9.3(6) C(37) -C(38) -C(39) -C(40) -5.3(5) 
C(1) -C(13) -C(14) -C(15) -175.3(3) Cl(4) -C(38) -C(39) -C(40) 174.3(2) 
C(13) -C(14) -C(15) -C(16) 172.8(3) C(37) -C(38) -C(39) -Cl(5) 175.7(3) 
C(13) -C(14) -C(15) -C(20) -7.9(5) Cl(4) -C(38) -C(39) -Cl(5) -4.7(4) 
C(14) -C(15) -C(16) -C(17) 177.5(3) P(1) -O(2) -C(40) -C(39) 172.8(3) 
C(20) -C(15) -C(16) -C(17) -1.7(5) P(1) -O(2) -C(40) -C(35) -8.0(3) 
C(14) -C(15) -C(16) -Cl(1) -3.0(4) C(38) -C(39) -C(40) -O(2) -175.5(3) 
C(20) -C(15) -C(16) -Cl(1) 177.7(3) Cl(5) -C(39) -C(40) -O(2) 3.5(5) 
C(15) -C(16) -C(17) -C(21) 177.5(3) C(38) -C(39) -C(40) -C(35) 5.4(5) 
Cl(1) -C(16) -C(17) -C(21) -2.0(4) Cl(5) -C(39) -C(40) -C(35) -175.6(2) 
C(15) -C(16) -C(17) -C(18) -2.2(5) O(1) -C(35) -C(40) -O(2) -0.5(4) 
Cl(1) -C(16) -C(17) -C(18) 178.4(3) C(36) -C(35) -C(40) -O(2) -178.8(3) 
C(21) -C(17) -C(18) -C(19b) 158.9(7) O(1) -C(35) -C(40) -C(39) 178.7(3) 
C(16) -C(17) -C(18) -C(19b) -21.4(8) C(36) -C(35) -C(40) -C(39) 0.4(5) 
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C(21) -C(17) -C(18) -C(19a) -148.8(4) P(1) -O(3) -C(41) -C(42) 176.8(3) 
C(16) -C(17) -C(18) -C(19a) 30.8(5) P(1) -O(3) -C(41) -C(46) -3.9(3) 
C(17) -C(18) -C(19a) -C(20) -55.8(5) O(3) -C(41) -C(42) -C(43) -178.4(3) 
C(19b) -C(18) -C(19a) -C(20) 49.5(7) C(46) -C(41) -C(42) -C(43) 2.3(5) 
C(17) -C(18) -C(19b) -C(20) 47(2) O(3) -C(41) -C(42) -Cl(6) 3.7(5) 
C(19a) -C(18) -C(19b) -C(20) -49.3(8) C(46) -C(41) -C(42) -Cl(6) -175.6(3) 
C(18) -C(19a) -C(20) -C(15) 52.1(5) C(41) -C(42) -C(43) -C(44) 0.1(6) 
C(18) -C(19a) -C(20) -C(19b) -49.2(7) Cl(6) -C(42) -C(43) -C(44) 177.9(3) 
C(14) -C(15) -C(20) -C(19a) 157.0(4) C(41) -C(42) -C(43) -Cl(7) 179.9(3) 
C(16) -C(15) -C(20) -C(19a) -23.7(5) Cl(6) -C(42) -C(43) -Cl(7) -2.3(5) 
C(14) -C(15) -C(20) -C(19b) -150.8(7) C(42) -C(43) -C(44) -C(45) -1.0(6) 
C(16) -C(15) -C(20) -C(19b) 28.5(7) Cl(7) -C(43) -C(44) -C(45) 179.2(3) 
C(18) -C(19b) -C(20) -C(19a) 49.6(8) C(42) -C(43) -C(44) -Cl(8) 179.5(3) 
C(18) -C(19b) -C(20) -C(15) -50(1) Cl(7) -C(43) -C(44) -Cl(8) -0.4(5) 
C(16) -C(17) -C(21) -C(22) -179.2(3) C(43) -C(44) -C(45) -C(46) -0.4(6) 
C(18) -C(17) -C(21) -C(22) 0.4(6) Cl(8) -C(44) -C(45) -C(46) 179.1(3) 
C(17) -C(21) -C(22) -C(23) 174.0(3) C(43) -C(44) -C(45) -Cl(9) -179.3(3) 
C(30) -N(2) -C(23) -C(22) 176.3(3) Cl(8) -C(44) -C(45) -Cl(9) 0.2(5) 
C(31) -N(2) -C(23) -C(22) -10.9(5) P(1) -O(4) -C(46) -C(45) -171.2(3) 
C(30) -N(2) -C(23) -C(24) -1.9(4) P(1) -O(4) -C(46) -C(41) 8.5(3) 
C(31) -N(2) -C(23) -C(24) 170.9(3) C(44) -C(45) -C(46) -O(4) -177.4(3) 
C(21) -C(22) -C(23) -N(2) -175.4(3) Cl(9) -C(45) -C(46) -O(4) 1.5(5) 
C(21) -C(22) -C(23) -C(24) 2.5(6) C(44) -C(45) -C(46) -C(41) 2.9(5) 
N(2) -C(23) -C(24) -C(25) 1.7(4) Cl(9) -C(45) -C(46) -C(41) -178.2(3) 
C(22) -C(23) -C(24) -C(25) -176.4(3) O(3) -C(41) -C(46) -O(4) -3.0(4) 
N(2) -C(23) -C(24) -C(33) 120.5(3) C(42) -C(41) -C(46) -O(4) 176.4(3) 
C(22) -C(23) -C(24) -C(33) -57.6(5) O(3) -C(41) -C(46) -C(45) 176.7(3) 
N(2) -C(23) -C(24) -C(34) -113.8(3) C(42) -C(41) -C(46) -C(45) -3.9(5) 
C(22) -C(23) -C(24) -C(34) 68.1(5) P(1) -O(5) -C(47) -C(48) -173.5(3) 
C(23) -C(24) -C(25) -C(30) -1.0(4) P(1) -O(5) -C(47) -C(52) 6.2(3) 
C(33) -C(24) -C(25) -C(30) -122.6(4) O(5) -C(47) -C(48) -C(49) -179.0(3) 
C(34) -C(24) -C(25) -C(30) 115.2(4) C(52) -C(47) -C(48) -C(49) 1.3(5) 
C(23) -C(24) -C(25) -C(26) 178.3(4) O(5) -C(47) -C(48) -Cl(10) -0.4(5) 
C(33) -C(24) -C(25) -C(26) 56.7(5) C(52) -C(47) -C(48) -Cl(10) 179.9(2) 
C(34) -C(24) -C(25) -C(26) -65.5(5) C(47) -C(48) -C(49) -C(50) -0.7(5) 
C(30) -C(25) -C(26) -C(27) 0.4(6) Cl(10) -C(48) -C(49) -C(50) -179.3(2) 
C(24) -C(25) -C(26) -C(27) -178.9(4) C(47) -C(48) -C(49) -Cl(11) -179.6(2) 
C(25) -C(26) -C(27) -C(28) 0.5(6) Cl(10) -C(48) -C(49) -Cl(11) 1.8(4) 
C(26) -C(27) -C(28) -C(29) -0.7(7) C(48) -C(49) -C(50) -C(51) 0.4(5) 
C(27) -C(28) -C(29) -C(30) -0.0(6) Cl(11) -C(49) -C(50) -C(51) 179.3(2) 
C(26) -C(25) -C(30) -C(29) -1.1(6) C(48) -C(49) -C(50) -Cl(12) -178.2(2) 
C(24) -C(25) -C(30) -C(29) 178.3(3) Cl(11) -C(49) -C(50) -Cl(12) 0.7(4) 
C(26) -C(25) -C(30) -N(2) -179.5(3) C(49) -C(50) -C(51) -C(52) -0.6(5) 
C(24) -C(25) -C(30) -N(2) -0.0(4) Cl(12) -C(50) -C(51) -C(52) 178.0(2) 
C(28) -C(29) -C(30) -C(25) 0.9(6) C(49) -C(50) -C(51) -Cl(13) 180.0(2) 
C(28) -C(29) -C(30) -N(2) 178.9(4) Cl(12) -C(50) -C(51) -Cl(13) -1.4(4) 
C(23) -N(2) -C(30) -C(25) 1.2(4) P(1) -O(6) -C(52) -C(51) 175.4(3) 
C(31) -N(2) -C(30) -C(25) -171.7(3) P(1) -O(6) -C(52) -C(47) -5.3(3) 
C(23) -N(2) -C(30) -C(29) -176.9(4) C(50) -C(51) -C(52) -O(6) -179.6(3) 
C(31) -N(2) -C(30) -C(29) 10.1(6) Cl(13) -C(51) -C(52) -O(6) -0.2(4) 
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C(23) -N(2) -C(31) -C(32) -82.7(5) C(50) -C(51) -C(52) -C(47) 1.2(5) 
C(30) -N(2) -C(31) -C(32) 89.2(4) Cl(13) -C(51) -C(52) -C(47) -179.4(2) 
O(2) -P(1) -O(1) -C(35) -11.1(2) O(5) -C(47) -C(52) -O(6) -0.6(4) 
O(6) -P(1) -O(1) -C(35) -104.9(2) C(48) -C(47) -C(52) -O(6) 179.1(3) 
O(4) -P(1) -O(1) -C(35) 167.5(2) O(5) -C(47) -C(52) -C(51) 178.7(3) 
O(3) -P(1) -O(1) -C(35) 77.0(2) C(48) -C(47) -C(52) -C(51) -1.5(5) 
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Table 7.18. Bond lengths (Å) in Cy7-PbI3 with standard uncertainties in parentheses. 
Pb(1) -I(3) 3.1987(7)  C(15) -C(20) 1.506(12) 
Pb(1) -I(2) 3.2154(6)  C(16) -C(17) 1.390(12) 
Pb(1) -I(3') 3.2283(6)  C(17) -C(21) 1.402(12) 
Pb(1) -I(1) 3.2330(6)  C(17) -C(18) 1.504(12) 
Pb(1) -I(2") 3.2804(6)  C(18) -C(19) 1.521(12) 
Pb(1) -I(1') 3.3052(7)  C(19) -C(20) 1.502(14) 
Cl(1) -C(16) 1.778(9)  C(21) -C(22) 1.381(13) 
N(1) -C(1) 1.365(11)  C(22) -C(23) 1.400(13) 
N(1) -C(8) 1.401(12)  C(23) -C(24) 1.526(12) 
N(1) -C(9) 1.459(12)  C(24) -C(25) 1.503(12) 
N(2) -C(23) 1.338(12)  C(24) -C(34) 1.534(13) 
N(2) -C(30) 1.418(12)  C(24) -C(33) 1.550(12) 
N(2) -C(31) 1.461(12)  C(25) -C(26) 1.388(13) 
C(1) -C(13) 1.393(12)  C(25) -C(30) 1.398(13) 
C(1) -C(2) 1.509(13)  C(26) -C(27) 1.396(16) 
C(2) -C(12) 1.531(14)  C(27) -C(28) 1.385(17) 
C(2) -C(11) 1.533(13)  C(28) -C(29) 1.390(15) 
C(2) -C(3) 1.538(14)  C(29) -C(30) 1.387(13) 
C(3) -C(8) 1.359(14)  C(31) -C(32) 1.505(18) 
C(3) -C(4) 1.365(14)  O(1) -C(35) 1.20(2) 
C(4) -C(5) 1.393(16)  N(3) -C(35) 1.34(3) 
C(5) -C(6) 1.382(16)  N(3) -C(37) 1.43(2) 
C(6) -C(7) 1.385(14)  N(3) -C(36) 1.44(3) 
C(7) -C(8) 1.403(13)  O(2) -C(38) 1.25(3) 
C(9) -C(10) 1.521(13)  N(4) -C(38) 1.30(2) 
C(13) -C(14) 1.402(12)  N(4) -C(39) 1.435(18) 
C(14) -C(15) 1.390(12)  N(4) -C(40) 1.445(19) 
C(15) -C(16) 1.399(12)     
 
Symmetry operators for primed atoms: 
'  x, 0.5–y, 0.5+z, "  x, 0.5–y, –0.5+z  
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Table 7.19. Bond angles (°) in Cy7-PbI3 with standard uncertainties in parentheses. 
I(3) -Pb(1) -I(2) 89.669(17)  C(1) -C(13) -C(14) 126.3(9) 
I(3) -Pb(1) -I(3') 101.39(2)  C(15) -C(14) -C(13) 124.3(8) 
I(2) -Pb(1) -I(3') 85.028(17)  C(14) -C(15) -C(16) 124.0(8) 
I(3) -Pb(1) -I(1) 84.852(17)  C(14) -C(15) -C(20) 120.4(8) 
I(2) -Pb(1) -I(1) 99.456(17)  C(16) -C(15) -C(20) 115.6(8) 
I(3') -Pb(1) -I(1) 172.402(19)  C(17) -C(16) -C(15) 126.3(8) 
I(3) -Pb(1) -I(2") 84.450(17)  C(17) -C(16) -Cl(1) 117.1(6) 
I(2) -Pb(1) -I(2") 170.91(2)  C(15) -C(16) -Cl(1) 116.5(7) 
I(3') -Pb(1) -I(2") 89.336(17)  C(16) -C(17) -C(21) 122.8(8) 
I(1) -Pb(1) -I(2") 86.940(16)  C(16) -C(17) -C(18) 118.1(8) 
I(3) -Pb(1) -I(1') 173.950(18)  C(21) -C(17) -C(18) 119.2(8) 
I(2) -Pb(1) -I(1') 86.813(16)  C(17) -C(18) -C(19) 113.0(8) 
I(3') -Pb(1) -I(1') 83.222(17)  C(20) -C(19) -C(18) 112.2(8) 
I(1) -Pb(1) -I(1') 90.868(18)  C(19) -C(20) -C(15) 110.9(8) 
I(2") -Pb(1) -I(1') 99.618(16)  C(22) -C(21) -C(17) 123.8(8) 
Pb(1) -I(1) -Pb(1") 76.433(13)  C(21) -C(22) -C(23) 126.4(9) 
Pb(1) -I(2) -Pb(1') 77.024(12)  N(2) -C(23) -C(22) 121.8(8) 
Pb(1) -I(3) -Pb(1") 78.010(14)  N(2) -C(23) -C(24) 109.5(8) 
C(1) -N(1) -C(8) 110.2(8)  C(22) -C(23) -C(24) 128.8(8) 
C(1) -N(1) -C(9) 125.4(8)  C(25) -C(24) -C(23) 101.8(7) 
C(8) -N(1) -C(9) 124.3(8)  C(25) -C(24) -C(34) 110.2(8) 
C(23) -N(2) -C(30) 111.2(8)  C(23) -C(24) -C(34) 113.8(7) 
C(23) -N(2) -C(31) 127.1(8)  C(25) -C(24) -C(33) 110.3(7) 
C(30) -N(2) -C(31) 121.8(8)  C(23) -C(24) -C(33) 110.2(8) 
N(1) -C(1) -C(13) 121.7(9)  C(34) -C(24) -C(33) 110.3(8) 
N(1) -C(1) -C(2) 109.3(8)  C(26) -C(25) -C(30) 119.8(9) 
C(13) -C(1) -C(2) 129.0(9)  C(26) -C(25) -C(24) 131.2(9) 
C(1) -C(2) -C(12) 113.6(8)  C(30) -C(25) -C(24) 108.9(8) 
C(1) -C(2) -C(11) 108.8(9)  C(25) -C(26) -C(27) 117.8(10) 
C(12) -C(2) -C(11) 111.4(9)  C(28) -C(27) -C(26) 122.0(10) 
C(1) -C(2) -C(3) 101.2(8)  C(27) -C(28) -C(29) 120.6(10) 
C(12) -C(2) -C(3) 110.9(8)  C(30) -C(29) -C(28) 117.4(10) 
C(11) -C(2) -C(3) 110.5(8)  C(29) -C(30) -C(25) 122.5(9) 
C(8) -C(3) -C(4) 121.6(10)  C(29) -C(30) -N(2) 128.8(9) 
C(8) -C(3) -C(2) 108.4(9)  C(25) -C(30) -N(2) 108.7(8) 
C(4) -C(3) -C(2) 130.0(10)  N(2) -C(31) -C(32) 112.9(9) 
C(3) -C(4) -C(5) 118.0(11)  C(35) -N(3) -C(37) 119(2) 
C(6) -C(5) -C(4) 120.9(10)  C(35) -N(3) -C(36) 127(2) 
C(5) -C(6) -C(7) 120.9(10)  C(37) -N(3) -C(36) 114(2) 
C(6) -C(7) -C(8) 117.0(10)  O(1) -C(35) -N(3) 127(3) 
C(3) -C(8) -N(1) 110.7(9)  C(38) -N(4) -C(39) 122.1(18) 
C(3) -C(8) -C(7) 121.5(9)  C(38) -N(4) -C(40) 121.0(16) 
N(1) -C(8) -C(7) 127.7(9)  C(39) -N(4) -C(40) 116.9(13) 
N(1) -C(9) -C(10) 112.7(8)  O(2) -C(38) -N(4) 125(2) 
Symmetry operators for primed atoms: 
'  x, 0.5–y, 0.5+z, "  x, 0.5–y, –0.5+z 
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Table 7.20. Torsion angles (°) in Cy7-PbI3 with standard uncertainties in parentheses. 
C(8) -N(1) -C(1) -C(13) 173.4(8) C(21) -C(17) -C(18) -C(19) 165.2(9) 
C(9) -N(1) -C(1) -C(13) -2(1) C(17) -C(18) -C(19) -C(20) 46(1) 
C(8) -N(1) -C(1) -C(2) -5(1) C(18) -C(19) -C(20) -C(15) -57(1) 
C(9) -N(1) -C(1) -C(2) 179.7(8) C(14) -C(15) -C(20) -C(19) -145.0(8) 
N(1) -C(1) -C(2) -C(12) 123.2(9) C(16) -C(15) -C(20) -C(19) 37(1) 
C(13) -C(1) -C(2) -C(12) -55(1) C(16) -C(17) -C(21) -C(22) 174.1(9) 
N(1) -C(1) -C(2) -C(11) -112.1(9) C(18) -C(17) -C(21) -C(22) -6(1) 
C(13) -C(1) -C(2) -C(11) 70(1) C(17) -C(21) -C(22) -C(23) -179.5(9) 
N(1) -C(1) -C(2) -C(3) 4.3(9) C(30) -N(2) -C(23) -C(22) -179.0(8) 
C(13) -C(1) -C(2) -C(3) -173.7(9) C(31) -N(2) -C(23) -C(22) 1(2) 
C(1) -C(2) -C(3) -C(8) -3(1) C(30) -N(2) -C(23) -C(24) 1(1) 
C(12) -C(2) -C(3) -C(8) -123.3(9) C(31) -N(2) -C(23) -C(24) -179.0(9) 
C(11) -C(2) -C(3) -C(8) 113(1) C(21) -C(22) -C(23) -N(2) 172.3(9) 
C(1) -C(2) -C(3) -C(4) 175(1) C(21) -C(22) -C(23) -C(24) -7(2) 
C(12) -C(2) -C(3) -C(4) 54(1) N(2) -C(23) -C(24) -C(25) 0(1) 
C(11) -C(2) -C(3) -C(4) -70(1) C(22) -C(23) -C(24) -C(25) 179.7(9) 
C(8) -C(3) -C(4) -C(5) -3(2) N(2) -C(23) -C(24) -C(34) -118.4(9) 
C(2) -C(3) -C(4) -C(5) -179.7(9) C(22) -C(23) -C(24) -C(34) 61(1) 
C(3) -C(4) -C(5) -C(6) 2(2) N(2) -C(23) -C(24) -C(33) 117.1(9) 
C(4) -C(5) -C(6) -C(7) -2(2) C(22) -C(23) -C(24) -C(33) -63(1) 
C(5) -C(6) -C(7) -C(8) 2(2) C(23) -C(24) -C(25) -C(26) -176(1) 
C(4) -C(3) -C(8) -N(1) -177.8(9) C(34) -C(24) -C(25) -C(26) -55(1) 
C(2) -C(3) -C(8) -N(1) 0(1) C(33) -C(24) -C(25) -C(26) 67(1) 
C(4) -C(3) -C(8) -C(7) 3(2) C(23) -C(24) -C(25) -C(30) -1(1) 
C(2) -C(3) -C(8) -C(7) -179.5(8) C(34) -C(24) -C(25) -C(30) 120.3(9) 
C(1) -N(1) -C(8) -C(3) 3(1) C(33) -C(24) -C(25) -C(30) -117.7(9) 
C(9) -N(1) -C(8) -C(3) 178.8(8) C(30) -C(25) -C(26) -C(27) 2(2) 
C(1) -N(1) -C(8) -C(7) -177.6(9) C(24) -C(25) -C(26) -C(27) 177(1) 
C(9) -N(1) -C(8) -C(7) -2(2) C(25) -C(26) -C(27) -C(28) -2(2) 
C(6) -C(7) -C(8) -C(3) -2(1) C(26) -C(27) -C(28) -C(29) 1(2) 
C(6) -C(7) -C(8) -N(1) 178.4(9) C(27) -C(28) -C(29) -C(30) 0(2) 
C(1) -N(1) -C(9) -C(10) 87(1) C(28) -C(29) -C(30) -C(25) 0(2) 
C(8) -N(1) -C(9) -C(10) -89(1) C(28) -C(29) -C(30) -N(2) -177(1) 
N(1) -C(1) -C(13) -C(14) 178.9(8) C(26) -C(25) -C(30) -C(29) -1(2) 
C(2) -C(1) -C(13) -C(14) -3(2) C(24) -C(25) -C(30) -C(29) -176.3(9) 
C(1) -C(13) -C(14) -C(15) 175.6(9) C(26) -C(25) -C(30) -N(2) 177.0(9) 
C(13) -C(14) -C(15) -C(16) 173.4(8) C(24) -C(25) -C(30) -N(2) 1(1) 
C(13) -C(14) -C(15) -C(20) -5(1) C(23) -N(2) -C(30) -C(29) 176(1) 
C(14) -C(15) -C(16) -C(17) 176.0(9) C(31) -N(2) -C(30) -C(29) -4(2) 
C(20) -C(15) -C(16) -C(17) -6(1) C(23) -N(2) -C(30) -C(25) -1(1) 
C(14) -C(15) -C(16) -Cl(1) -1(1) C(31) -N(2) -C(30) -C(25) 178.5(9) 
C(20) -C(15) -C(16) -Cl(1) 177.5(6) C(23) -N(2) -C(31) -C(32) 84(1) 
C(15) -C(16) -C(17) -C(21) 174.4(9) C(30) -N(2) -C(31) -C(32) -96(1) 
Cl(1) -C(16) -C(17) -C(21) -9(1) C(37) -N(3) -C(35) -O(1) 178(3) 
C(15) -C(16) -C(17) -C(18) -6(1) C(36) -N(3) -C(35) -O(1) 0(5) 
Cl(1) -C(16) -C(17) -C(18) 171.0(7) C(39) -N(4) -C(38) -O(2) -1(5) 
C(16) -C(17) -C(18) -C(19) -15(1) C(40) -N(4) -C(38) -O(2) 179(3) 
 
